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Abstract
High-elevation montane forests are disproportionately important to carbon seques-
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by climate change with seasonal implications for photosynthesis and forest growth.
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carbon density ecosystems. However, these ecosystems are increasingly threatened
As a result, we leveraged eddy covariance data from six evergreen conifer forest
sites in the semiarid western United States to extrapolate the status of carbon sequestration within a framework of projected warming and drying. At colder locations,
the seasonal evolution of gross primary productivity (GPP) was characterized by a
single broad maximum during the summer that corresponded to snow melt-derived
moisture and a transition from winter dormancy to spring activity. Conversely, winter
dormancy was transient at warmer locations, and GPP was responsive to both winter
and summer precipitation such that two distinct GPP maxima were separated by a
period of foresummer drought. This resulted in a predictable sequence of primary
limiting factors to GPP beginning with air temperature in winter and proceeding to
moisture and leaf area during the summer. Due to counteracting winter (positive) and
summer (negative) GPP responses to warming, leaf area index and moisture availability were the best predictors of annual GPP differences across sites. Overall, mean
annual GPP was greatest at the warmest site due to persistent vegetation photosynthetic activity throughout the winter. These results indicate that the trajectory of this
region's carbon sequestration will be sensitive to reduced or delayed summer precipitation, especially if coupled to snow drought and earlier soil moisture recession,
but summer precipitation changes remain highly uncertain. Given the demonstrated
potential for seasonally offsetting responses to warming, we project that decadal
semiarid montane forest carbon sequestration will remain relatively stable in the absence of severe disturbance.
KEYWORDS

carbon, dormancy, eddy covariance, evergreen conifer, flux, monsoon, mountain, semi-arid,
snow, southwest
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greater degree (Peltier & Ogle, 2019; Sloat, Henderson, Lamanna, &
Enquist, 2015). Given that the dependence of trees on precipitation

Temperate forest ecosystems represent an important carbon sink

inputs varies throughout the year, changes in the seasonality and/

that is currently acting to mitigate global climate change (Griscom

or type of precipitation may be experienced differently throughout

et al., 2017; Pan et al., 2011). In semiarid western North America,

the montane forest biome.

the majority of carbon sequestration occurs in montane forests

Growing seasons are lengthening globally with uncertain

where orographic precipitation moderates prevailing moisture lim-

and uneven implications for vegetation activity (Keeling, Chin, &

itation to growth (Schimel et al., 2002). In these forests, primary

Whorf, 1996; Reyes-Fox et al., 2014). In the semiarid western United

production is regulated by feedbacks between energy, moisture,

States, there is a growing consensus that longer growing seasons

and disturbance that vary over space and time (Bonan, 2008; Millar

may have a net negative effect on montane forest carbon sequestra-

& Stephenson, 2015). Western North America is currently experi-

tion as a result of novel interactions between changes in tempera-

encing rapid warming and aridification with unknown implications

ture, moisture, and photoperiod (e.g., Boisvenue & Running, 2010;

for the regional carbon sink (Harpold et al., 2012; Luce et al., 2016).

Hu et al., 2010; Knowles, Molotch, Trujillo, & Litvak, 2018; Winchell,

In semiarid western North America, climate models project a

Barnard, Monson, Burns, & Molotch, 2016), but the potential for

2.1°C–2.7°C increase in the regional annual average air temperature

warming to affect winter dormancy in evergreen conifer vegetation

by mid-century (2036–2065), enhanced winter drying, and increased

remains unclear. Mid-latitude evergreen conifer forests typically ex-

probability of decadal to multi-decadal megadrought (Ault, Mankin,

perience winter dormancy due to constraints on biological processes

Cook, & Smerdon, 2016; Jones & Gutzler, 2016; Vose, Easterling,

imposed by low air temperatures (e.g., Havranek & Tranquellini,

Kunkel, LeGrande, & Wehner, 2017). Although previous studies re-

1995). The extent of winter dormancy, however, and the transition

port negative impacts of climate change on forest growth (Charney

from winter dormancy to spring activity, depends on complex in-

et al., 2016; Schwalm et al., 2012; Williams et al., 2013) and/or resil-

teractions between physiological mechanisms and meteorological

ience to disturbance (Davis et al., 2019; Hessburg et al., 2019), eco-

forcing that can vary among species (Bowling et al., 2018; Nippert,

logical change may not manifest equally across the landscape due to

Duursma, & Marshall, 2004). For example, in a high-elevation subal-

broad hydrometeorological gradients that co-occur with elevation,

pine forest, frozen tree boles prohibited winter photosynthetic activ-

latitude, and proximity to the North American Monsoon (hereafter

ity even during periods of favorable weather (Bowling et al., 2018),

“monsoon”). As a result, this study investigated a broad climatic gra-

but work from milder sites in the western United States and Europe

dient to determine how expected climate changes may affect the

has suggested that winter photosynthesis can reach 30%–75% of

regional montane forest biome.

peak growing season rates (Kelly & Goulden, 2016; Knowles, Scott,

The seasonality and type of precipitation impact moisture

Minor, & Barron-Gafford, 2020; Potts, Minor, Braun, & Barron-

availability and montane forest carbon sequestration through

Gafford, 2017; Wieser, 1997). Therefore, a principal objective of the

a variety of mechanisms (e.g., Allen, Kirchner, Braun, Siegwolf, &

current study was to investigate the effect of longer growing sea-

Goldsmith, 2019; Brooks & Vivoni, 2008). At higher latitude and/

sons on the seasonality of montane forest GPP at various locations

or elevation locations that are characterized by consistent seasonal

along a semiarid climatic gradient, and to leverage that information

snow cover, the spring snow melt moisture pulse is often suffi-

to gain insight about future conditions.

cient to satisfy the bulk of vegetation water demand throughout

The eddy covariance technique is the state-of-the-art ap-

the growing season (Hu, Moore, Burns, & Monson, 2010; Knowles,

proach for measuring ecosystem–atmosphere carbon dioxide

Lestak, & Molotch, 2017; Trujillo, Molotch, Goulden, Kelly, &

exchange (Baldocchi, 2020). Yet, the establishment of eddy co-

Bales, 2012). However, recent work has also highlighted the sen-

variance sites in mountains has lagged other ecosystem types

sitivity of montane forest gross primary productivity (GPP) to

due to difficulties associated with establishing sites and measur-

summer rain, especially at high elevations or following high snow-

ing turbulent fluxes in complex mountain terrain (e.g., Baldocchi,

pack years (Berkelhammer, Stefanescu, Joiner, & Anderson, 2017;

Finnigan, Wilson, Paw, & Falge, 2000; Sun et al., 2010). Recently,

Berkelhammer et al., 2020). Under these circumstances, greater

additional AmeriFlux sites in the western United States have

sensitivity to summer rain may reflect a longer residence time of

made it possible to directly compare seasonal GPP from mon-

precipitation in the root zone when soils are wet or shallower root-

tane forest sites that are subject to distinct air temperature and

ing depths when and where precipitation is greater (Fan, Miguez-

precipitation regimes (Table 1; Figure 1). Accordingly, the cur-

Macho, Jobbágy, Jackson, & Otero-Casal, 2017; Martin, Looker,

rent study assimilated data from six montane forests to project

Hoylman, Jencso, & Hu, 2018; Szejner et al., 2016). At relatively low

the status of montane forest carbon sequestration under antic-

latitudes and/or elevations, winter precipitation occurs as both rain

ipated climatic warming and drying scenarios. We specifically

and snow, and seasonal snow cover may be ephemeral or incon-

addressed the following research questions: (a) To what degree

sistent on an interannual basis (Petersky, Shoemaker, Weisberg, &

is the intra-annual GPP distribution modified by differences in

Harpold, 2019). Without reliable inputs of snow melt-derived mois-

air temperature and the seasonality and type of precipitation

ture, foresummer droughts occur with greater frequency and se-

among sites and years? And, how does this response inform

verity, and vegetation is dependent on monsoon precipitation to a

(b) process-based understanding of GPP and (c) current projections

|

Turnipseed
et al. (2002)

of semiarid montane forest carbon cycling within the context of

0.20 (0.08)

Anderson-Teixeira
et al. (2011)
0.29 (0.12)

Litvak (2016)
0.33 (0.07)

Anderson-Teixeira
et al. (2011)
0.34 (0.09)

Dore et al. (2008)
0.38 (0.12)

Knowles
et al. (2020)
0.46 (0.17)

Reference
Fraction monsoon
precipitation
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forecasted climate changes? We expected to find evidence of
trade-offs between early season vegetation greening and late season water deficits as a result of differences in latitude/elevation
and seasonal precipitation with implications for annual carbon
sequestration.

2 | M ATE R I A L S A N D M E TH O DS
2.1 | Study sites

0.61 (0.08)

0.35 (0.12)

0.38 (0.19)

0.11 (0.05)

0.13 (0.08)

0.11 (0.10)

Snow:rain
ratio

Figure 1 shows the location of our six montane evergreen conifer
forest study sites in the southwestern United States. Here, we define
“montane” as “of the mountain” and include both Rocky Mountain
and Madrean evergreen conifer forests that populate high plateaus

762

661

620

454

562

604

Mexico (Pase & Brown, 1994). The sites spanned 8 degrees of latitude and 870 m elevation and represented a gradient from cooler

2.4

5.2

7.0

7.4

9.0

the year in the north to warmer conditions with a bimodal precipita-

1999–2018

2007–2013

2016–2018

2007–2018

tion distribution in the south (Figure 2). Along the gradient, mean
2005–2010

10.0

conditions with precipitation more evenly distributed throughout

2010–2018

Observation
years

MAT
(°C)

MAP
(mm)

and mountains from Colorado, United States to the Sierra Madre,

annual air temperature ranged from 2.4°C to 10.0°C, and mean
annual precipitation varied from 454 to 762 mm (Table 1). During
and immediately preceding the period of record, all sites were relatively free from widespread forest disturbance that can supersede
et al., 2012; Knowles et al., 2017). During the summer, the study area

Pinus contorta; A. lasioscarpa; Picea
engelmanii

P. menziesii; A. concolor; Abies lasioscarpa;
P. pungens; P. tremuloides

P. ponderosa; P. menziesii; Abies concolor;
Picea pungens; Populus tremuloides

P. ponderosa; Quercus gambelii

P. ponderosa

Pinus ponderosa; Pseudotsuga menziesii;
Pinus strobiformis

Dominant species

environmental controls on forest function (Amiro et al., 2010; Dore
was variably influenced by the North American Monsoon, which increased with proximity to the core monsoon region in northwestern
Mexico (Adams & Comrie, 1997). All sites received snow during the
winter, but seasonal snow cover ranged from intermittent at lower
latitudes/elevations to consistent seasonal cover at higher latitudes/
elevations. Tree species composition was dominated by Pinus ponderosa at lower elevations and a mixture of Pseudotsuga menziesii,
Abies lasioscarpa, and Pinus contorta at higher elevations (Table 1),
stand age varied from approximately 80 to 120 years, and canopy
height ranged from 10 to 18 m. In recognition of typically dry and

3,030
Valles Caldera mixed
conifer

3,050

2,752
Valles Caldera Sulphur
Springs mixed conifer

seasons: winter (November–February), spring (March and April),
pre-monsoon (May and June), monsoon (July and August), and fall
(September and October).

2.2 | Data processing
Niwot Ridge

2,500

2,180
Flagstaff unmanaged
forest

Valles Caldera
ponderosa

2,573
Mt. Bigelow

Site name

Elevation
(m)

wet periods during the warm season, we defined the following five

We analyzed a total of 56 site-years of eddy covariance data from
1999 to 2018. Individual site data records ranged from 3 years
(US-Vcs) to 20 years (US-NR1) and represented the complete site

US-NR1

US-Vcm

US-Vcs

US-Vcp

US-Fuf

US-MtB

records in all cases except for US-Vcm that experienced a standSite ID

TA B L E 1 Site background information. MAT is mean annual air temperature, MAP is mean annual precipitation, and Snow:rain ratio is based on an air temperature threshold of 0°C. Values
in parentheses are standard deviation

KNOWLES et al.

replacing fire in 2013, after which data were excluded. All data were
downloaded from the AmeriFlux network database (ameriflux.lbl.
gov) as “BASE” 30 min data files that have undergone standardized
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F I G U R E 1 Site map showing (a) the
geographic locations of eddy covariance
tower sites in the southwestern United
States, (b) mean annual precipitation
(MAP), (c) mean annual air temperature
(MAT), and (d) monsoon (July and August)
precipitation as a fraction of MAP for
the period 1950–2000 (www.world
clim.org). In this region, unusually steep
moisture and air temperature gradients
co-vary with elevation and proximity to
the core monsoon precipitation region in
northwestern Mexico [Colour figure can
be viewed at wileyonlinelibrary.com]

post-processing and quality assurance and control procedures.

moisture availability because precipitation is subject to storage,

Evapotranspiration (ET) and net ecosystem exchange (NEE) fluxes

runoff, and drainage, and because ET implicitly accounts for energy

were gapfilled using moving window “look-up” tables of ET or NEE

limitation that can decrease plant available water (Burns, Blanken,

under similar meteorological conditions in order to determine an-

Turnipseed, Hu, & Monson, 2015; Scott & Biederman, 2019). This

nual sums (Reichstein et al., 2005). These data were also subject to

practice aligns with previous work supporting the use of ET as a met-

site-specific filters that identified and omitted periods of insufficient

ric to quantify the moisture available to vegetation at seasonal to

turbulent mixing based on the following threshold friction veloci-

annual timescales in semiarid systems (Biederman et al., 2017, 2018).

ties: 0.20 m/s (US-Fuf), 0.22 m/s (US-Vcp), 0.40 m/s (US-MtB and

In recognition of shared stomatal control over GPP and ET at short

US-NR1), 0.43 m/s (US-Vcs), and 0.52 m/s (US-Vcm). These values

(i.e., diurnal) timescales, and the influence of Tair on saturation vapor

were either derived from the literature (US-Fuf: Dore et al., 2008;

pressure and VPD, we also considered the potential for evaporative

US-MtB: Knowles et al., 2020) or determined by the REddyProc al-

fraction (EF; the ratio of the latent heat flux to the sum of the la-

gorithm (Wutzler et al., 2018) as the mean annual friction velocity

tent and sensible heat fluxes) to modify the relationship between

threshold during the period of analysis. Direct NEE measurements

Tair and GPP. Accordingly, site-specific half-hour data were used to

were further partitioned into constituent GPP and ecosystem res-

establish seasonal linear relationships between Tair and GPP during

piration (Reco) fluxes using both light-response curve and nighttime

non-light-limiting conditions (incoming solar radiation > 600 W/m2;

respiration algorithms (e.g., Figure 3; Lasslop et al., 2010; Reichstein

173 > n > 1,601), and separate linear relationships above and below

et al., 2005); both approaches yielded similar results at all sites.

10°C during the pre-monsoon. Significant (p < .05) differences in

Here, we present GPP data derived from the nighttime respira-

the sensitivity of GPP to Tair between seasons, sites, and moisture

tion method based on more accurate representation of midwinter

regimes were subsequently determined using analysis of covariance;

vegetation dormancy (i.e., GPP≈0) at the coldest sites (Anderson-

these sensitivities are discussed in the results section but not shown.

Teixeira, Delong, Fox, Brese, & Litvak, 2011; Monson et al., 2002).

After this analysis, the data were binned to facilitate visualization

Observed meteorological data were not gapfilled.

(Figure 5).
The mean LAI value for the 500 m pixel that contains each site

2.3 | Statistical analysis

was calculated from satellite-measured reflectance data (data retrieval period = 4 days) and obtained through the Oak Ridge National
Laboratory Distributed Active Archive Center (Myneni, Knyazikhin,

We tested the significance of leaf area index (LAI), air temperature

& Park, 2015). To account for coniferous physiology where stomata

(Tair), vapor pressure deficit (VPD), and ET as predictors of sea-

cover both sides of the needle leaf, two-sided LAI was generated

sonal and annual GPP using stepwise multiple regression analysis

by multiplying the one-sided MODIS LAI projection by two (Frank,

(Figure 4). We selected ET instead of precipitation as a proxy for

Massman, Ewers, & Williams, 2019). For cross-site regressions,

|
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seasonal or annual averages were calculated from the 4 day (LAI)
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or 30 min (all other variables) means and used as regression model
inputs such that n = 56 (56 site-years of data) for these analyses.

Precipitation distribution was influenced by elevation and proximity

Given that the MODIS LAI product is known to underestimate LAI

to the core region of the North American Monsoon such that the dri-

in the presence of snow, especially for evergreen canopies (e.g., Tian

est sites were located at low elevations near the geographic center

et al., 2004), LAI was excluded from the winter analyses. In this way,

of the study region (Figure 1; Table 1). In general, the variability of

iterative F tests were performed such that regression terms were

summer relative to winter precipitation increased with distance from

sequentially included or excluded from the final models (p « .01 in

the core monsoon region (not shown; Gutzler, 2004); the monsoon

all cases) based on p value thresholds of 0.05 (inclusion) and 0.1

fraction of total annual precipitation specifically ranged from 46%

(exclusion), respectively. In other words, a predictor was entered

at US-MtB (SD = 17%) to 20% (SD = 8%) at US-NR1 (Table 1). The

into the stepwise model when the p value resultant from the one-

seasonal variation of precipitation was larger at lower elevations and

predictor regression was below the significance threshold for inclu-

in areas more affected by the summer monsoon (Figure 2a), and the

sion (p < .05). Similarly, whenever a new variable was added (i.e., to

monsoon fraction of total annual precipitation was positively corre-

create a two or more variable predictor model), all candidate vari-

lated with air temperature (p « .01) Throughout the year, Tair followed

ables in the model were re-checked and excluded if their significance

a similar pattern at all sites with a peak during the monsoon season

level was reduced above the specified significance threshold for ex-

(Figure 2b). Based on the Tair range, US-MtB had the most moder-

clusion (p > .1). The resultant stepwise regression model forms were

ate climate (seasonal Tair difference = 13.4°C) and US-NR1 had the

retained, standardized, and subsequently used to calculate the per-

most extreme climate (seasonal Tair difference = 18.7°C; Figure 2b).

cent contribution of each significant predictor variable to the mod-

Among sites, Tair differences were greatest during the winter when

el's GPP prediction skill, expressed as the model R 2 value (Lindeman,
Merenda, & Gold, 1980). This analysis was performed using the

mean Tair was above freezing at two sites (US-MtB and US-Fuf) and
below freezing at four sites (US-Vcp, US-Vcs, US-Vcm, and US-NR1).

“lmg” metric in the “relaimpo” package in the software R version

Atmospheric demand for water, expressed as VPD, tracked Tair

3.6.2 (Grömping, 2006). All other data analysis was performed using

through the first half of the year before it was variably curtailed by

MATLAB version R2018a.

the onset of summer monsoon precipitation and the associated rise
in surface humidity (Figure 2c).
Despite the dominant evergreen vegetation, LAI varied between

2.4 | Data analysis

sites and to a lesser extent seasons (Figure 2d). Although seasonal LAI
variability has been shown to result from changes in understory vegeta-

All tower-based analyses were conducted using the 30 min data and

tion at some locations within the study area (White, Running, Nemani,

the full multi-year records. From there, the data were smoothed or

Keane, & Ryan, 1997), the annual two-sided satellite-estimated LAI

aggregated by site, season, or environmental conditions, in order to

maxima were similar to reference ground-based LAI measurements at

mitigate the possibility of data artifacts and to facilitate compari-

US-NR1 (4.0 m2/m2; Turnipseed, Blanken, Anderson, & Monson, 2002)

son among sites. GPP anomalies due to warming and drying were

and US-Fuf (2.3 m2/m2; Dore et al., 2008), and may indicate that LAI

calculated by creating an “average” GPP month at each site and

was systematically underestimated during the remainder of the year.

subtracting that from the GPP during the warmest or driest month

This was particularly evident at US-NR1 where the seasonal LAI vari-

on record at that site (Figure 6). This calculation was performed at

ability may have been exaggerated by periods of early or late snow

the 30 min time step and then averaged to a mean daily value. For

cover (Heiskanen et al., 2012; Tian et al., 2004). Despite its relatively

example, there were nine Januarys in the US-MtB dataset, each

high elevation, peak LAI at US-Vcm was similar to the lowest elevation

with 1,488 half-hour values. All nine Januarys were aligned, and

site (US-Fuf), and was likely suppressed by defoliation of the dominant

the mean GPP was calculated at each time step such that each of

tree species by the western spruce budworm (Choristoneura freemani;

the 1,488 “average” January GPP values represented the mean of

Dils et al., 2013). Annual ET ranged from 485 mm (US-Fuf) to 684 mm

nine data points from successive years. The “average” January was

(US-MtB). Seasonally, maximum ET coincided with the summer mon-

then subtracted from both the warmest and driest Januarys on re-

soon period at all sites except US-Vcm where ET peaked during the

cord at US-MtB to determine the half-hourly GPP anomaly due to

pre-monsoon (Figure 2e). Among sites, seasonal GPP was greatest at

either warming or drying. These data were then averaged to daily

either US-MtB (winter, spring, and fall) or US-NR1 (pre-monsoon and

2

(incoming solar radiation > 10 W/m ) resolution (n = 31 for January)

monsoon), which were the warmest and coldest sites, respectively

and the month-specific daily anomalies were further grouped into

(Figure 2f). Wintertime GPP ranged from near zero at the coldest sites

high and low elevation categories and averaged to control for po-

to approximately 50% of the summer monthly maximum at the warm-

tentially different antecedent conditions among sites. Accordingly,

est US-MtB site. A transition occurred during the pre-monsoon and

each of the resulting boxplots (Figure 6) contains 28–31 (varies by

persisted throughout the monsoon where mean monthly GPP sharply

month) daily data points that represent the average of the daily

increased at the highest elevation sites but leveled off everywhere

GPP anomaly due to either warming or drying at the three highest

else. The seasonal maximum GPP during the summer monsoon period

or lowest elevation sites.

at US-NR1 was 24% higher than the peak GPP at any other site.

|
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F I G U R E 2 Seasonal climatology, vegetation characteristics, and ecohydrological fluxes across the semiarid regional climatic gradient.
The seasonal (a) precipitation, (b) air temperature, (c) vapor pressure deficit (VPD), (d) leaf area index (LAI), (e) evapotranspiration (ET), and
(f) gross primary productivity (GPP) among sites. Winter (and spring at the two snowiest sites; US-NR1 and US-Vcm) LAI data are not shown
due to problematic LAI retrievals during snow-covered periods. The air temperature, VPD, and LAI are seasonal averages; precipitation, ET,
and GPP values are mean monthly sums. P-M is pre-monsoon [Colour figure can be viewed at wileyonlinelibrary.com]

F I G U R E 3 Mean-normalized gross primary productivity (GPP)
through time. Data are 30-day running means of half-hour values
that have been normalized by the mean annual GPP at each site
to emphasize the seasonality of vegetation activity. Inset shows
the mean annual GPP during the period of record at each site.
Ensemble averages range from 3 years (US-Vcs) to 20 years
(US-NR1). SD is standard deviation [Colour figure can be viewed at
wileyonlinelibrary.com]

F I G U R E 4 The relative contribution of meteorological and
ecohydrological predictor variables to the performance of cross-site
gross primary productivity (GPP) models. Stepwise linear regression
was used to isolate the significant (p < .05) predictors of seasonal
GPP. Significant model terms were then used to model the relative
contribution of each predictor variable to whole-model R 2. Tair,
VPD, and ET data were restricted to non-light-limiting (incoming
solar radiation > 600 W/m2) conditions. P-M is pre-monsoon
[Colour figure can be viewed at wileyonlinelibrary.com]
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Monthly fluxes normalized to each site's annual mean revealed

moisture availability (ET) in the pre-monsoon, to LAI during the

three types of intra-annual GPP distributions (Figure 3): bimodal with

monsoon (Figure 4). Similarities between the seasonal importance

higher GPP during the monsoon (US-Vcp and US-Vcs), bimodal with

of VPD and Tair underscore the dependence of VPD on Tair via the

similar magnitude GPP peaks during the winter/spring and monsoon

saturation vapor pressure. LAI was a significant predictor of cross-

(US-MtB and US-Fuf), and unimodal with a broad peak during the

site differences in GPP throughout the warm season (not considered

warm season (US-Vcm and US-NR1). US-MtB and US-Vcp were the

during winter and spring due to problematic satellite retrievals; Tian

only sites that consistently maintained nonzero GPP throughout

et al., 2004), and especially during the monsoon when conditions

the winter, but relative GPP increases from winter to spring were

were generally favorable to growth (Figure 4). Given the large con-

also smallest at these sites (Figure 3). In contrast, the US-NR1 GPP

tribution of monsoon GPP to the annual sum (Figure 2f), this effect

increased rapidly from near zero to its annual maximum in only

carried over to the annual scale when LAI principally determined

3 months. During the pre-monsoon, there was a sharp GPP decrease

model performance, followed by moisture supply (ET) and demand

at US-MtB, US-Fuf, and US-Vcp to approximately the mean annual

(VPD). Tair did not contribute significantly to cross-site model per-

value, less of a decrease at US-Vcs, and no pre-monsoon decrease

formance at the annual scale, highlighting an overriding influence

at US-Vcm or US-NR1. The onset of monsoon precipitation brought

of moisture availability on GPP throughout the year. Indeed, ET

increasing GPP at all sites with the exception of US-NR1 where pre-

was the only significant predictor of GPP during all seasons and for

cipitation was least during the monsoon season and GPP gradually

the entire year. Better model performance in the winter (R 2 = .82),

declined. Similar to the spring transition (but opposite in sign), US-

spring (R 2 = .93), and monsoon (R 2 = .62) seasons compared to the

MtB and US-Vcp maintained post-monsoon peak GPP rates later into

pre-monsoon (R 2 = .40) and fall (R 2 = .51) corresponds to peri-

the season and the rate of GPP decrease in the fall was more gradual

ods of relatively similar and different limiting factors to cross-site

than at the other sites. Mean annual GPP ranged from 612 g C/m2 at

GPP, respectively. In particular, the relative inability of this analy-

US-Vcm to 1,088 g C/m2 at US-MtB (Figure 3 inset).

sis to resolve pre-monsoon carbon cycling dynamics highlights the

Relative importance modeling indicated a shift in the overarching controls on cross-site GPP from Tair in winter and spring, to
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F I G U R E 5 Binned half-hour air temperature versus GPP during (a–c) seasonal periods of relative moisture limitation and (d–f) relative
energy limitation as indicated by the evaporative fraction (EF), or the ratio of the latent heat flux to the sum of the latent and sensible
heat fluxes. Data are restricted to non-light-limiting periods (incoming solar radiation > 600 W/m2). Bin sizes correspond to seasonal air
temperature deciles and error bars denote the standard error. Note x-axis differences between panels [Colour figure can be viewed at
wileyonlinelibrary.com]
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F I G U R E 6 Elevation-dependent gross primary productivity (GPP) differences between the (a) warmest and (b) driest months at each site
relative to the average conditions. The low elevation sites are US-MtB, US-Fuf, and US-Vcp and the high elevation sites are US-Vcs, US-Vcm,
and US-NR1 as shown in Table 1; data are daytime-only daily averages. For each box, the central mark is the median, the edges of the box
are the 25th and 75th data percentiles, the whiskers extend to the most extreme data points not considered to be outliers by the MATLAB
“boxplot” algorithm (default settings), and the outliers are plotted individually. The numbers above each panel correspond to the average (a)
positive (°C) or (b) negative (mm) deviation from the mean during each of the warmest or driest months at the high (blue type) and low (red
type) elevation sites [Colour figure can be viewed at wileyonlinelibrary.com]
We used the EF to evaluate the relationship between air

periods of exceptionally warm weather before the onset of winter

temperature and GPP during the driest (EF < 25%) and wettest

dormancy (data not shown); vegetation remained dormant through-

(EF > 75%) seasonal periods at each site (Figure 5). During the win-

out the mid-winter period. The pre-monsoon was a transition period

ter, there was a positive relationship between Tair and GPP at all sites,

whereby increasing Tair had a mixed effect on GPP with an inflec-

and the addition of moisture significantly increased the GPP sensi-

tion point near 10 degrees for the high elevation sites during dry

tivity to Tair (determined by analysis of covariance; see Section 2.3)

conditions and for all sites during wet conditions (Figure 5b,e). For

everywhere but US-Vcs and US-NR1, the coldest site (Figure 5a,d).

a given Tair, the pre-monsoon GPP was generally higher during pe-

However, GPP was only sensitive to increasing Tair at US-NR1 during

riods of higher moisture, and pre-monsoon moisture also expanded
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near-peak GPP fluxes to a broader Tair range. During the monsoon,

interactions among air temperature, moisture, and vegetation char-

all sites returned to a negative Tair–GPP relationship (Figure 5c,f).

acteristics along a regional semiarid climatic gradient. Among sites,

During periods of higher monsoon moisture, site-specific relation-

the maximum GPP occurred as a singular post-snow melt GPP peak

ships between GPP and Tair developed at US-Fuf, US-Vcp, US-Vcs,

at colder locations that also experienced near-complete winter

and US-Vcm such that a given Tair resulted in a range of monsoon

dormancy. In contrast, GPP was sustained throughout the year at

GPP values that decreased similarly with increasing Tair. Relative to

warmer sites, albeit with a distinctive foresummer depression, and

these four sites, the wet monsoon GPP-Tair relationship was signifi-

these sites were stronger annual gross carbon sinks. Cross-site

cantly more negative at US-MtB (warmest site) and significantly less

analysis indicated that LAI and moisture supply (ET) and demand

negative US-NR1 (coldest site), and US-MtB and US-NR1 were the

(VPD) were significant predictors of total annual GPP, but Tair was

only two sites where moisture significantly affected the monsoon

not. However, there were signs that Tair indirectly affected GPP by

GPP sensitivity to Tair (less negative with increasing moisture). In the

regulating moisture availability, in particular a widespread trend to-

absence of significant moisture limitation (EF > 75%), winter GPP

ward increased cool season GPP and decreased warm season GPP

peaked at 80% of the annual warm season maximum at US-MtB, 76%

during very warm periods. A companion analysis (Figure 6) also high-

of the warm season maximum at US-Vcp, 56% at US-Fuf, 44% at US-

lighted elevation as a first-order control on the sensitivity of GPP

Vcm, 38% at US-Vcs, and 9% at US-NR1 (Figure 5d,f).

to extreme dry conditions. By considering multiple sites that span a

To assess the potential impact of warming and drying scenarios

broad climatic gradient, the current study identifies how regionally

on montane forest productivity from a global change perspective,

forecasted environmental changes are likely to affect semiarid mon-

we compared GPP from the warmest and driest instance of each cal-

tane forest carbon sequestration.

endar month during the multi-year records at each site to the site's
average conditions (Figure 6). This analysis simulated an average of
2.1°C annual warming at both higher and lower elevation sites with

4.1 | Seasonal GPP distribution

0.5°C greater summer (May–August) warming at higher compared
to lower elevations and 0.4°C greater winter warming at lower com-

In line with our prediction, we identified a shift from bimodal intra-

pared to higher elevations (Figure 6a). Very high temperatures had

annual GPP dynamics at lower elevations to unimodal intra-annual

a positive effect on cool season GPP and a negative effect on warm

GPP dynamics at higher elevations with clear periods of vegeta-

season GPP, and this pattern was amplified at lower elevation sites

tion activity and dormancy (Figure 3; Barnard et al., 2018). Taken

(Figure 6a). Relative to average conditions, the strongest positive Tair

together, this may indicate that vegetation has adapted to respond

effect occurred in March at lower elevations and in April at higher

to the prevailing environmental conditions at each location (Martin

elevations when snow melt moisture was typically abundant. A neg-

et al., 2018; Roden & Ehleringer, 2007). Whereas abundant snow

ative effect of extreme high Tair during the warm season was partially

melt moisture stimulated the highest overall rates of warm season

offset at lower elevations during the monsoon precipitation peak in

vegetation productivity (Figures 2f and 3), monsoon rains were criti-

July such that the maximum GPP reductions occurred in May and

cal to mid-summer vegetation recovery at the bimodal GPP sites

August; GPP reductions during high Tair conditions were roughly

characterized by foresummer drought (Figure 6b; Kolb, Dore, &

symmetrical throughout the warm season at the higher elevation

Montes-Helu, 2013; Peltier & Ogle, 2019). These competing results

sites. The driest instance of each calendar month corresponded to

reflect a variety of biophysical processes including deeper infiltra-

a monthly average precipitation deviation of 34 mm at lower ele-

tion and storage of snow melt water in the soil profile where it can be

vations and 42 mm at higher elevations with the greatest monthly

accessed for a longer period of time (Fan et al., 2017; Hu et al., 2010),

decrease during the monsoon at all sites (Figure 6b). Very dry weather

a “priming” effect of snow melt moisture on the persistence of fine

had little impact on GPP at high elevations but did have a strong neg-

root activity (Berkelhammer et al., 2020; Martin et al., 2018), and/or

ative impact on warm season GPP at low elevations (Figure 6b). The

seasonal changes in atmospheric moisture demand (e.g., Novick et al.,

GPP at lower elevations was negatively influenced by dry conditions

2016). Given forecasted changes to both precipitation timing and

beginning in April and May, and the magnitude of this effect roughly

type, the degree to which vegetation can continue to exploit sea-

doubled from June to August, before variably subsiding throughout

sonal water resources represents a key control on the persistence of

the fall. Small monthly GPP anomalies (<1 μmol m−2 s−1) throughout

the regional carbon sink (e.g., Grossiord et al., 2017).

the year during dry conditions at the higher elevation sites demonstrate a relative insensitivity to drying.

4.2 | Temperature sensitivity of GPP

4 | D I S CU S S I O N

4.2.1 | Cold season

Montane forests are responsible for the majority of carbon se-

The study sites spanned a gradient from typically winter active to

questration in the western United States. Here, we identify intra-

typically winter dormant (Figures 2 and 3). In general, we found

annual GPP distributions that result from variable but predictable

that warmer conditions translated to greater winter vegetation
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activity. However, the temperature sensitivity of GPP was not uni-

temperature optimum that is anticipated to occur both earlier in

form among sites and may have been inhibited by xylem blockage,

spring and later in fall.

decreased chlorophyll content, and/or other changes to the photosynthetic apparatus associated with winter hardening at the coldest sites (Figure 5; Bowling et al., 2018; Smith & Knapp, 1990). In
contrast, photosynthetic acclimation, or changes in photosynthetic

4.3 | Environmental change impacts on semiarid
montane forest carbon sequestration

capacity with temperature, can occur more rapidly in warmer climates (Gea-Izquierdo et al., 2010; Nippert et al., 2004). It is there-

Reduced snow accumulation in winter, also known as snow drought,

fore expected that minimum Tair thresholds for vegetation activity

is a robust climate change prediction in the western United

would vary among sites, and we specifically observed a range of

States (Dierauer, Allen, & Whitfield, 2019; Harpold, Dettinger, &

winter Tair thresholds for non-light-limited photosynthetic activ-

Rajagopal, 2017). Snow drought can result from drier and/or warmer

ity from approximately 0°C at the coldest US-Vcm and US-NR1

(greater rain/snow ratio) winter conditions and has been linked to

sites to undefined (GPP > 0 at all times) at the warmest US-MtB

earlier snow melt and vegetation activity (Clow, 2010; Knowles

site (Figure 5). In the absence of Tair limitation, potential GPP in-

et al., 2018). However, this scenario also accelerates soil moisture

creased rapidly throughout the region, but was variably subject

recession and ensuing vegetation moisture stress, which can lead

to moisture constraints that tempered the positive GPP response

to misalignment between the seasonal cycles of temperature and

to warming (Figure 5). Near-perpetual daytime vegetation activity

moisture availability during the critical early season carbon up-

at US-MtB additionally supports that photoperiod can become a

take period (Harpold et al., 2015; Monson et al., 2002; Winchell

principal limitation to GPP in very mild winter climates (e.g., Kelly

et al., 2016). Summer precipitation can compensate for snow

& Goulden, 2016). For context, mean winter photoperiod (incom-

water deficits, especially in areas affected by monsoon precipita-

ing solar radiation > 10 W/m2) varied by ~40 min, or ~6% of mean

tion, but climate models have predicted future delays in the onset

winter daylength across the regional gradient. Overall, the pres-

of the North American Monsoon (Cook & Seager, 2013; Grantz,

ence of broad mechanistic similarities among sites signals that

Rajagopalan, Clark, & Zagona, 2007) and the potential for large re-

winter warming could stimulate regional GPP due to a combination

ductions in monsoon precipitation (Pascale et al., 2017). Moreover,

of faster photosynthetic acclimation and higher photosynthetic ca-

the timescales over which evergreen conifers may be capable of

pacity as air temperatures increase near the freezing point.

modifying their use of winter versus summer precipitation remain
highly uncertain (Allen et al., 2019; Berkelhammer et al., 2020). To

4.2.2 | Warm season

project the impact of forecasted climate change on montane forest
GPP, the current study takes a synthetic approach that considers
the potential for current cross-site biophysical relationships to par-

A photosynthetic temperature optimum near 10°C was preserved

allel regional trends.

through space and time (e.g., Huxman, Turnipseed, Sparks, Harley,

Climate extremes influence ecosystem structure and func-

& Monson, 2003; Figure 5). Given that mean Tair exceeded 10°C

tion through ecohydrological feedbacks that depend on the

at all sites during the monsoon, and at the four lowest elevation

timing, extent, and type of disturbance (Sippel, Zscheischler, &

sites during the pre-monsoon (Figure 2), warming had the effect of

Reichstein, 2016). A particularly relevant feedback, and an active

generally decreasing warm season GPP by decreasing the length

research frontier in the western United States, concerns the poten-

of the optimal Tair time period. Exceptions to this occurred dur-

tial for warming to trigger earlier vegetation greening, and to subse-

ing periods of wet weather as a result of decreased VPD and en-

quently enhance early season ET at the expense of late season soil

hanced stomatal conductance (Figure 5; Grossiord et al., 2020). We

water availability (Buermann et al., 2018; Lian et al., 2020; Zhang,

also observed a significant interaction between Tair and moisture

Parazoo, Williams, Zhou, & Gentine, 2020). In the current study,

where warming-induced monsoon GPP reductions were not as se-

comparison of the warmest month at each site relative to average

vere at both US-MtB and US-NR1 during relatively wet conditions.

conditions simulated an average Tair increase of 2.1°C through-

We found no evidence of substantial thermal acclimation to mean

out the year, which is comparable to the magnitude of forecasted

annual Tair (Niu et al., 2012), which suggests that (i) moisture con-

mid-century warming (2.1°C–2.7°C; Vose et al., 2017), and suggests

strains GPP more than Tair in these systems and (ii) the impacts of

that summer GPP deficits will be opposed by springtime GPP gains

projected warming on GPP could be experienced similarly through-

at both high and low elevations (Figure 6a). This type of compensa-

out the region. We did not, however, specifically consider the

tory response has been identified by a growing number of studies

potential for species-level variations in leaf area, photosynthetic

(Knowles et al., 2018; Wolf et al., 2016; Xu et al., 2020), and may

capacity, or resource use efficiency that can influence ecosystem

herald good news for the persistence of the western United States

carbon uptake (Monson et al., 2010; Nippert et al., 2004). Together,

carbon sink insofar as it counteracts increased respiration emis-

Figures 5 and 6 demonstrate a strong negative effect of summer

sions with warming (e.g., Raich & Schlesinger, 1992). In contrast to

warming on montane forest GPP and imply that the intra-annual

the air temperature analysis, there was a clear effect of elevation

GPP distribution may track temporal shifts in the photosynthetic

on the regional GPP response to extreme dry conditions. Whereas
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lower elevation (below ~2,500 m) forests were vulnerable to mois-
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