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Abstract An issue of global concern is how climate change forcing is transmitted to ecosystems. Forest
ecosystems in mountain landscapes may demonstrate buffering and perhaps decoupling of long-term rates of
temperature change, because vegetation, topography, and local winds (e.g., cold air pooling) influence
temperature and potentially create microclimate refugia (areas which are relatively protected from climate
change). We tested these ideas by comparing 45-year regional rates of air temperature change to unique
temporal and spatial air temperature records in the understory of regionally representative stable old forest at the
H.J. Andrews Experimental Forest, Oregon, USA. The 45-year seasonal patterns and rates of warming were
similar throughout the forested landscape and matched regional rates observed at 88 standard meteorological
stations in Oregon and Washington, indicating buffering, but not decoupling of long-term climate change rates.
Consideration of the energy balance explains these results: while shading and airflows produce spatial patterns
of temperature, these processes do not counteract global increases in air temperature driven by increased
downward, longwave radiation forced by increased anthropogenic greenhouse gases in the atmosphere. In some
months, the 45-year warming in the forest understory equaled or exceeded spatial differences of air temperature
between the understory and the canopy or canopy openings and was comparable to temperature change over
1,000 m elevation, while in other months there has been little change. These findings have global implications
because they indicate that microclimate refugia are transient, even in this forested mountain landscape.

Plain Language Summary To walk into a forest on a warm sunny day is to be impressed by the
relatively cool environment under the forest compared to openings. This study examined how the processes that
govern air temperature within the forest may influence how forests are experiencing anthropogenic climate
change. Drawing on a unique set of climate studies in the Andrews Forest, Oregon, USA, over the past half
century, this study demonstrates how a forested mountain landscape influences heat through shading, winds,
and other processes, leading to persistent spatial patterns of temperature in the landscape. Nevertheless, air
temperature in the forest understory is changing at similar rates and with similar seasonal patterns as at standard
meteorological stations throughout the Pacific Northwest (Oregon and Washington). In months with the most
rapid warming (July and August), temperature increase over the past 45 years in the forest understory equals or
exceeds the spatial differences of air temperature within the forest, or between the forest and openings, and it is
comparable to the temperature differences over 1,000 m elevation. These findings are important because they
indicate that forests are not protected from climate change, and season-specific changes may control ecosystem
response.

1. Introduction

An issue of global concern is how climate change forcing is transmitted to ecosystems. From a spatial perspective,
researchers have asked, are there locations where climate remains persistently cooler, and/or is changing less
rapidly, than other areas? If so, how can these areas be identified and protected? From a temporal perspective,
researchers have asked, how rapidly is climate changing in a given area, and at what times of year or times of day
are changes most rapid? How do these rates and timing compare to the ability of populations or communities to
tolerate conditions, adapt or migrate?

Research examining spatial aspects of climate change has focused on concepts of buffering, decoupling, and
microclimate refugia (or microrefugia). Buffering in the context of climate change refers to differences among
locations in the intercepts of linear regressions fitted to time series of temperature, whereas decoupling refers to
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differences among locations in the slopes of the regressions (Lenoir et al., 2017). Microclimate refers to localized
surface climate, in other words conditions in the places and at the scales relevant to organisms such as plants and
animals (Geiger et al., 2009; Rosenberg et al., 1983). Microclimate is strongly influenced by the planetary
boundary layer, the portion of the atmosphere in contact with Earth's surface (Oke, 2002). Microclimate refugia
are defined as areas that are relatively protected from contemporary climate change (Morelli et al., 2020),
typically interpreted as having lesser extremes or lesser rates of change of temperature.

Research examining the timing of climate change has focused on concepts of climate velocity and seasonality of
climate change. Climate velocity refers to the expected speed of spatial displacement (e.g., km yr~') necessary in
order for organisms to maintain constant temperature conditions over time (Loarie et al., 2009). The seasonality of
temperature change is important because life histories, and hence ecological processes, are tied to specific,
seasonal temperature cues and thresholds (e.g., Ernakovich et al., 2014; Winslow et al., 2017). Long-term
ecological research indicates that ecosystem response to climate change depends on the seasonal timing of
change across a wide range of ecosystem types (Jones & Driscoll, 2022).

In order for two locations to have consistently different temperature (i.e., different microclimates), they must have
different energy balances. The energy balance of a location depends on net radiation (longwave and shortwave) as
well as energy exchanges via advection, phase changes of water (latent heat fluxes) and sensible heat fluxes
(Oke, 2002). One location may have a lower temperature than another if it is more shaded (reduced net shortwave
radiation reaching the soil surface), has higher evaporation rates (latent heat), or is cooled by sensible heat ex-
changes, including wind or currents (advection). For example, X. Lee et al. (2011) used an energy balance
framework to explain why air temperature differed above the forest canopy versus nearby canopy openings.

Over time, increased greenhouse gas emissions from human activities drive the greenhouse effect, which in-
creases net longwave radiation and heats Earth's atmosphere. Because this process affects only the longwave
energy term in the energy balance, two locations with differing initial temperature located within the same climate
region would be expected to experience similar long-term rates of change in temperature (buffering). In order for
rates of temperature change to differ between two locations in the same climate region (decoupling), a component
of the energy balance in addition to net longwave radiation must also change (Geiger et al., 2009; Oke, 2002). For
example, one location might become more shaded over time, or experience long-term increases in moisture,
evaporation, or transpiration. Also, the frequency of regional weather patterns or increased atmospheric CO2
concentrations might alter cold air pooling at some locations (Daly et al., 2009; Rupp et al., 2021).

To our knowledge no studies have evaluated evidence of buffering or decoupling within forested ecosystems
using observational records collected over the past half century of climate change. Long-term records of climate
within ecosystems are rare, because records used to measure climate change, such as those from the US Historical
Climate Network (USHCN) (Menne et al., 2009), are recorded at consistent locations on generally flat, open sites
that are relatively free from effects of vegetation disturbance and succession. Published studies also have not
linked rates of climate change to the spatial variation in temperature produced by vegetation, topography, and
elevation. This study addresses these gaps.

To test these ideas, we drew on unique long-term meteorological records and climate studies from the H.J.
Andrews Experimental Forest (64 km?, hereafter “Andrews Forest”), a forested mountain landscape in Oregon,
USA, as well as temperature records from 88 standard meteorological stations in the US Historical Climatology
Network (USHCN) in a wide range of locations spanning rainforests to deserts in Oregon and Washington
(>500,000 km?) over the period 1979-2023. Data from the Andrews Forest included air temperature measured for
nearly 50 years in the understory of tall, old forests, which experienced minimal disturbance and associated
energy balance changes during the study period. These old forest sites span >1000 m of elevation and occur in
varied landscape positions. Vegetation and topography affect energy balance components such as net solar ra-
diation and advection (including cold air drainage and pooling) in this landscape (Drake et al., 2022; Rupp
et al., 2020; Wolf et al., 2021). Distinct vegetation communities identified in the 1970s in these old forests were
associated with temperature (Zobel et al., 1976), implying that microclimates have shaped old forest communities
for centuries.

The objectives of the study were to determine season-specific rates of change in forest understory air temperature,
to test whether they were consistent with the concepts of buffering or decoupling, and to compare rates of
temperature change to spatial variation in a forested mountain landscape. Overall, the study aims to reveal how
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climate change forcing is transmitted to mountain forest ecosystems generally. The study asked the following
questions:

1. How do air temperatures and rates of air temperature change in the understory of stable old forests over the
period 1979-2023 differ by landscape position and elevation?

2. How do rates of air temperature change in the forest understory compare with rates at standard meteorological
stations in the region?

3. How do rates of temperature change compare to the spatial patterns of temperature produced by vegetation,
topography, and elevation?

2. Methods
2.1. Conceptual Approach

It has long been known that forests influence air temperature, wind, and moisture (Anders, 1882; Kittredge, 1948;
R. Lee, 1978). However, less is known about how climate change is occurring within forested landscapes. Rates
of air temperature change over time at two locations may have different intercepts but the same slope (“buffering”
(A, Figure 1a)) or they may have different slopes (“decoupling”) (A’, Figure 1b). If buffering prevails, tem-
perature differs among locations, but the rate of temperature change is the same at all locations (Figure 1b). If
decoupling occurs, cooler areas may experience lesser changes, potentially retaining temperatures within hy-
pothetical tolerance limits (blue shading, Figure 1b). Buffering and decoupling have been linked to effects of
vegetation (B'-B, C'-C, Figure 1c), topography, (D’-D, Figure 1d) and elevation (E'-E, Figure 1d).

Using this framework (Figure 1), we quantified spatial differences in temperature resulting from effects of
vegetation, topography, and elevation in the Andrews Forest (Figures 1c and 1d). To determine whether climate
change is buffered or decoupled within forests (Figures 1a and 1b), we compared 45-year average temperatures
and rates of temperature change among locations in the understory of stable old forest in the Andrews Forest and
at standard meteorological stations in the USHCN network in Oregon and Washington. We compared rates of
change over time to spatial variation in air temperature associated with vegetation, topography, and elevation
(Figure 1).

2.2. Study Site

The study area includes the Andrews Forest (64 km?) and the states of Oregon and Washington (>500,000 km?) in
the Pacific Northwest region of the United States. Regional ecosystems span rainforests to deserts and include
much of the remaining old-growth forest in the US (DellaSala et al., 2022; Pelz et al., 2023; Spies &
Franklin, 1988; USDA Forest Service, 2023a, 2023b), of which the Andrews Forest is a prime example (J. F.
Franklin & Dyrness, 1973).

The Andrews Forest, established in 1948, is a mountain watershed located on the western slope of the Cascade
Range in Oregon (Figure 2). It spans 430 to >1,600 m elevation with steep (30%—60%) slopes shaped by glacial,
deep earthflow, debris flow, and fluvial processes (Goodman et al., 2022; Swanson & James, 1975). The quasi-
Mediterranean or marine west coast climate has mild, moist winters and warm, dry summers. Deeply incised
valleys and steep slopes create a landscape of highly variable solar radiation exposure and promote the frequent
formation of cold air pools in valley bottoms (Figure 1d, Rupp et al., 2020). Vegetation is primarily old-growth
forest dominated by Douglas-fir (Pseudotsuga menziesii) and western hemlock (Tsuga heterophylla) below
1,000 m and sub-alpine forest above 1,000 m. These forests established after widespread fires of ~1500 CE and
the mid 1800s (J. F. Franklin et al., 1981; Morrison & Swanson, 1990; Tepley et al., 2013, 2014; Weisberg &
Swanson, 2003).

2.3. Data Sources and Data Analysis

This analysis draws upon regional air temperature data from the Office of the Washington State Climatolo-
gist (2024) and multiple unique climate studies in the Andrews Forest over the past 65 years (Figure 2, Table S1 in
Supporting Information S1). Climate stations (meteorological stations) were established starting in 1958, and air
temperature measurements in the understory of old-growth forest reference stands began in 1970 (Figure 2, Daly
et al., 2024, 2019). The reference stands represent regionally representative mature and old-growth forest in plant
associations with varied temperature and moisture conditions, that is, microclimates (Table S2 in Supporting
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Figure 1. Concepts about temporal change in temperature and factors influencing spatial patterns of temperature.

(a) Buffering (A) and decoupling (A’) in time. (b) Buffering (A) and decoupling (A’) in space, relative to some hypothetical
tolerance limits (blue shading). (c) Vegetation effects produce differences between the forest canopy and the understory (B'—
B) and between canopy openings and the forest understory (C'—C). (d) Effects of topography, that is, illuminated-versus
shaded (blue shading) slopes (D’-D) and elevation, including air temperature decline as elevation increases and cold air
pooling produced by local winds (blue shading) (E'-E).

Information S1, Acker et al., 1998; Dyrness et al., 1974; J. F. Franklin & Dyrness, 1973; Hawk et al., 1978; Zobel
et al., 1976). Periodic measurements (J. Franklin et al., 2024) have established that vegetation has been stable in
these stands from 1970 to 2023 (e.g., Acker et al., 2002, 2023). Towers (Bond, 2012; Thomas, 2013, 2017) and
old-growth trees (Frey & Jones, 2020; C. Still, 2023) were vertically instrumented starting in the early 2000s. A
distributed temperature sensor network in the forest understory was established in 2009 (Schulze et al., 2023,
Table S1 in Supporting Information S1).

2.3.1. Temporal Change in Air Temperature

As the primary source for climate trends in the region, average monthly maximum and minimum air temperature
(hereafter, T,,,, and T,;,) for all USHCN stations throughout Oregon (n = 40) and Washington (n = 44) was
obtained from the Office of the Washington State Climatologist (2024) for the period 1979 to 2023. As a sec-
ondary check on whether local weather station trends were consistent with statewide averages, monthly average
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Figure 2. Location of the H.J. Andrews Experimental Forest and climate records used in this study, including meteorological
stations, reference stands (numbered triangles), distributed temperature sensors (open circles), vertically instrumented trees
(black triangles), and instrumented tower (See Table S1 in Supporting Information S1 for data set characteristics).

Tmax and T, data also were obtained from four National Weather Service COOP stations near the Andrews
Forest: Leaburg (50 km WSW, ID 354811, 206 masl), Lookout Point (65 km SW, ID 355050, 217 masl), Foster
Dam (40 km NW, ID 353047, 168 masl), and Belknap Springs (5 km SSE ID 350652, 656 masl) (Menne
et al., 2012). USHCN records have been homogenized for climate trend estimation, but COOP station records
have not (Menne et al., 2009, 2012); hence results from nearby COOP stations were used merely to confirm that
local stations generally followed the same patterns as the statewide homogenized data and are shown only in
Supporting Information S1.

Air temperature data from 1979 to 2023 were obtained from sensors located in the understory of mature and old-
growth forest reference stands in the Andrews Forest (Daly et al., 2024, Figure 2, Tables S1 and S2 in Supporting
Information S1). From 1979 to 1990, sensors were installed at 1 m height above the ground in summer and raised
above the snowpack in winter. After 1990, sensors were permanently raised to 1 m above average winter
snowpack. Air temperature rarely varies more than 1°C between 1.5 and 10 m height in a vertically instrumented
tree (C. Still, 2023). Daily T,,, and T,,;, have been measured from 1979 to the present at seven reference stands
(triangles labeled 2, 4, 5, 10, 12, 20, and 26, Figure 2, hereafter referred to as RS02, etc.). Elevation of the
reference stands ranges from 450 to >1,300 masl and landscape positions include toeslope/valley (RS02, RS12),
midslope (RS05, RS10), and upper slope/ridge (RS04, RS20, RS26) with various topographic shading (Figure 2,
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Table S2 in Supporting Information S1). Monthly 7., and T, were calculated from daily values for all months
with >25 days of data (Table S3 in Supporting Information S1) for all years and for the 45-year period at each
reference stand. Monthly precipitation data from the CS2 meteorological station and T, and T,,;, from the PRI
and VAN meteorological stations were obtained for the period 1979 to 2023 (Figure 2, Daly et al., 2019);

vegetation succession and disturbance around those stations precluded trend estimation.

In our analysis, we compared air temperature in the forest understory at the Andrews Forest to statewide averages
for a large number of stations in OR and WA (USHCN data). Comparisons with homogenized data from many
stations in OR and WA (USHCN) provide strength in numbers and more consistent data quality. Rates of change
of T,

max and 7. were determined for each month of the year for 1979-2023 using linear regression at the seven

reference stands and the statewide averages for USHCN stations in Oregon and Washington (and for subsets of
USHCN stations in Oregon, data not shown). Temperature data were checked for normality prior to analysis;
regression residuals were normally distributed. The significance of differences in rates was determined based on
the 95% confidence intervals around the regression slope coefficients. Bivariate correlations were calculated for
Tmax’ Tmin’

stands in the Andrews Forest and the statewide averages for Oregon and Washington. As a check, rates of change

and rates of temperature change for each month over the period 1979-2023, among all seven reference

of T,,.x were also calculated by season (winter [December—February], spring [March—-May], summer [June—
August], fall [September—December]).

2.3.2. Spatial Patterns of Air Temperature

We quantified four types of spatial patterns in the forested landscape (Figure 1). Spatial patterns associated with
vegetation effects were determined from two vertically instrumented old-growth trees (a tree ~750 m SW of
RS02 [PC002, 488 m elevation] and a tree within 100 m of RS04 [PCO17, 1,301 m elevation]) and from three
sensors each at PRI (1.5 km SW of RS02) and VAN (1 km W of RS04) meteorological stations (locations in
Figure 2). Spatial differences in 7,,,,, and T,,,;, were calculated between 36.5 m above ground in the canopy versus
1.5 m at the base of instrumented trees (B’-B, Figure 1) and between 1.5 m height at meteorological stations in
openings versus 1.5 m height at the base of a nearby instrumented tree (C’'-C, Figure 1) for each month in 2017
(Table S1 in Supporting Information S1, Daly et al., 2019; Frey & Jones, 2020). Spatial differences of mean
monthly 7, and T,,;, associated with topography (D’-D, Figure 1d) and elevation (E'-E, Figure 1d, °C/1,000 m)
were determined for the period 2008 to 2009 from 168 sensors at 1.5 m height in the forest understory in a
distributed sensor network in the Andrews Forest (Schulze et al., 2023, open circles in Figure 2, Table S1 in
Supporting Information S1).

2.3.3. Local Winds

To illustrate how forest canopy heating and cooling influence air temperature and local winds, data also were
obtained for air temperature, wind speed, and wind direction at the base and the top of the forest canopy at a 56-m
instrumented old-growth tree (C. Still, 2023) and a 37-m tower at the mouth of a 1 km? tributary watershed
(Bond, 2012; Thomas, 2017) located near the mouth of the Andrews Forest watershed (Figure 2, Table S1 in
Supporting Information S1). These data were recorded at 5—15-min resolution for periods of weeks to several
years. To illustrate effects of local winds on seasonal and landscape patterns of air temperature, hourly data on
wind speed and wind direction were obtained from meteorological stations at near-ridge (VAN, 1,263 m) and
valley bottom (PRI, 436 m) locations from 2015 to 2018 (Daly et al., 2019) (Figure 2, Table S1 in Supporting
Information S1). The number of hours per month with upslope and downslope winds at the near-ridge and valley
bottom stations and at the top and the base of the canopy of the instrumented tree was calculated and expressed as
a percent of total hours per month.

3. Results
3.1. Buffering, Not Decoupling, of Long-Term Rates of Temperature Change

Rates of change of mean monthly 7., and T, did not differ among reference stands in the Andrews Forest or
with the statewide average at USHCN stations in Oregon and Washington (Figure 3, Table S3 in Supporting
Information S1). Rates of change were highly correlated among reference stands and with USHCN stations in
Oregon and Washington (Table S4 in Supporting Information S1). Rates of temperature change in the forest

understory at the Andrews Forest and in Oregon and Washington were highest in typically dry summer months
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Figure 3. Rates of change of (a) mean monthly maximum air temperature (7,,,,) and (b) mean monthly minimum air
temperature (7,

in) (°C/decade) at reference stands in the Andrews Forest and for statewide average temperature at all
USHCN stations in Oregon and Washington (n = 84), 1979-2023. Error bars are the 95% confidence interval around the
slope term from a linear regression. Symbol colors indicate low to high elevation, left to right, dark to light shades (see Table
S2 in Supporting Information S1 reference stand site characteristics). Numbers in Table S3 in Supporting Information S1.
Data sources: Daly et al. (2024), Menne et al. (2012), Office of the Washington State Climatologist (2024).

(July and August) and not significantly different from zero in February, March, April, October, and December
(Figure 3, Table S3 in Supporting Information S1). Rates in the forest understory were not different for the study
period (1979-2023) versus other time periods (start dates of 1970, 1979 and end dates of 2011, 2015, 2019, 2023,
data not shown).

The coolest sites in the landscape were RS04 (1,310 m) and RS12 (1,010 m), in a N-trending valley prone to cold
air pooling (Rupp et al., 2020, Table S2 in Supporting Information S1) and the warmest site was RS20 (683 m,
equator-facing). In months with the most rapid warming rates (July, August), temperature change over less than
four decades at the coolest sites (RS04, Jul T,,,, and RS12, Aug T,,;,) had surpassed 1979 temperatures at the
warmest site (RS20, Jul T,,,,, and Aug T,;,,) (Figures 4a and 4b). Statewide average July 7,,,,, and August 7,,;, in
Oregon changed at similar rates (Figures 4a and 4b). In other months (March, April), 45-year temperature changes
were less than the spatial differences in air temperature between the coolest site (RS04, a cool moist site at
1,300 m in subalpine forest, Table S2 in Supporting Information S1) and the warmest site (RS20, a hot dry site at
683 m in Douglas-fir/western hemlock forest) (Figures 4c and 4d). Rates of temperature change varied, but no
differences in monthly rates of change among sites were significant (Figure 3, Table S3 in Supporting Infor-
mation S1). Seasonal rates of temperature change in summer (June—August) were higher at two reference stands
compared to regional rates in WA and higher at one reference stand compared to regional rates in both OR and
WA (Figure 3, Table S3 in Supporting Information S1). Year to year understory air temperature was highly
correlated among reference stands at the Andrews Forest, with COOP sites 5-65 km away, and with Oregon and
Washington statewide averages (Figure 4, Table S4 in Supporting Information S1); lower correlations for summer
T,

min and winter T, and T, reflect local cold air pooling processes, described below.

3.2. Vegetation Effects on Temperature

The effects of vegetation on forest understory temperature are evident from fine-resolution data in instrumented
trees and a tower in the Andrews Forest. Vegetation modifies temperature between the forest canopy and the
understory, and energy exchanges between the surface and boundary layer generate local daytime upslope winds
and nighttime downslope winds (Figures 1d and 5). The top of the canopy typically reaches a higher 7,,,, than the
understory (e.g., Figure 5). Daytime heating of the canopy generates upward, upslope, and up-valley winds
(dashed double ended arrows), and nighttime cooling generates downward, downslope, and down-valley winds
both at the top of the canopy and in the understory (1.5 m) (Figure 5). Daytime wind speeds are much higher at the
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Figure 4. Comparison of temperature time series (1979-2023) in the coolest and warmest sites in the Andrews Forest and
statewide average temperature for Oregon for selected months. (a, b) Examples of time series for months with the highest
rates of temperature change: monthly 7, in July (a) and 7,;;,, in August (b). (c, d) Examples of time series for months with
the lowest rates of temperature change: monthly 7, in March (c) and 7,;, in April (d). Plots also illustrate the strong
correlations among time series of air temperature within the Andrews Forest and with statewide average temperature for
Oregon (Table S4 in Supporting Information S1). Data sources: Daly et al. (2024), Menne et al. (2009).

top of the canopy (up to 3 m s') than in the understory (<0.5 m s~'), and downslope winds persist longer in the
understory (Figure 5).

Vegetation effects also are evident from comparisons of air temperature in the forest understory versus the forest
canopy or versus meteorological stations in canopy openings at the same elevation (B-B’, C-C’, Figure 1).
Monthly T,,,« at 1.5 m in the understory of vertically instrumented trees was on average 2—-3°C and as much as
4-5°C lower than at 36.5 m in the canopy, and monthly 7,,;, in the forest understory was on average 0.1-0.3°C
lower than in the canopy (B’-B, Figure 1c, Table S5 in Supporting Information S1). Monthly 7,,,,, in the forest
understory was on average 1-3°C lower than in the canopy opening at the nearby meteorological stations, and
monthly T, in the forest understory was on average 0.2—0.8°C higher than in the canopy opening at nearby
meteorological stations (C’-C, Figure 1c, Table S5 in Supporting Information S1). The diurnal temperature range
was several degrees smaller in the forest understory compared to the canopy or openings.

3.3. Topographic and Elevation Effects on Temperature

Effects of topographic shading and elevation on forest understory temperature within the Andrews Forest are
evident from 45-year T,,,«» Tmin» and mean diel range at the seven reference stands (Figure 6, Table S6 in
ax and T, were higher at reference stands (RS20 and RS26) on
illuminated slopes versus shaded slopes (RS05, RS12) (D’-D, Figure 1). The 45-year mean 7,,,, at reference
stands varied with elevation by as much as 7°C in April through July, and T, varied by as much as 3°C in

February through May (E’-E, Figures 1 and 6, Table S6 in Supporting Information S1).

Supporting Information S1). Understory T,

Topographic shading/illumination effects on air temperature in the forest understory also were evident in 2009—
2018 mean monthly values from distributed temperature sensors at 1.5 m height in the Andrews Forest (D’-D,
Figures 1 and 7). Monthly 7., Tin» and average diel range in the understory varied by 3—5°C among slopes with
varied orientation and gradients within 25-m elevation bands. Monthly T,,,, and T,;, in the understory of
reference stands generally fell within the range of the forest understory sensor network (Figures 2 and 7).
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Figure 5. Air temperature and wind at the top and the base of (a) a 56-m instrumented tree and (b) a 36-m tower at the mouth
of a 1 km? tributary on typical clear days in July and August. Data excerpted from multi-year data sets (C. J. Still et al., 2023;
Thomas, 2013). Tree and tower locations are shown in Figure 2.
Tmax and T, in the forest understory also varied with elevation (450-1,600 m) (Figure 7). The elevation gradient
of mean monthly 7, . (daytime) and T,;, (nighttime) (E’-E, Figure 1) varied from —1 to —7°C/1,000 m,
depending on month and time of day. Elevation gradients were steep for mean monthly 7,,,, and Ty, in spring
(Figure 7b) and T,,, in summer (Figure 7c) but flat for 7, and T, in winter (Figure 7a) and T},;, in summer
(Figure 7c) and fall (Figure 7d).
3.4. Air Flows, Air Temperature, and Rates of Change of Air Temperature
Elevation gradients of air temperature in the forest understory (Figure 7, Table S5 in Supporting Information S1)
are influenced by vegetation effects on air temperature and air flows (Figures 5 and 8). Air flows were mostly
upslope/up-valley during the day in spring and summer (April-September) in the valley (~450 m) and year-round
at the near-ridge station (1,300 m) (Figure 8a). Daytime air flows were predominantly downslope in winter in the
valley at both the meteorological station and the instrumented tree (Figure 8a). Nighttime air flows were
JONES ET AL. 9 of 17
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Figure 6. Mean monthly maximum (7,,,,) and minimum (7,,;,) air
temperature and average diel temperature range at reference stands in the
Andrews Forest, 1979-2023 (open and filled circles of different colors). For
each month, reference stands are arranged from low to high elevation, left to
right, dark to light shades. Elevations are: RS02—490 m, RS10—610 m,
RS20—683 m, RS05—880 m, RS12—1,010 m, RS26—1040 m, RS04—
1310 m (Table S2 in Supporting Information S1). Mean monthly
precipitation (P, blue line), 1979-2023 at CS2 meteorological station

(430 m). Data sources: Daly et al. (2019) and Daly et al. (2024).

predominantly downslope in all months, especially July to September, at both
the meteorological station and the instrumented tree in the valley, and they are
frequent at the near-ridge station (Figure 8b).

Elevation gradients of mean monthly 7., and 7, in the forest understory
(blue lines in Figure 8, data from Figure 7) match the frequency of downslope
air flows (colored bars) (Figure 8). When down-valley air flows are infrequent
(e.g., spring and summer days), elevation gradients of mean monthly 7., and
Tmin are closest to the environmental lapse rate (—6.5°C/1,000 m). When
down-valley air flows are frequent (e.g., fall and winter days, all nights),
elevation gradients of mean monthly 7,,,, and 7, are much less negative.
When elevation gradients of mean monthly T, and T, in the forest un-
derstory are steep, predominantly upslope air flows have median wind speeds
0f 0.5-1.5 m s~ ! (data not shown), indicating that air is well-mixed within the
landscape and the forest canopy. When elevation gradients of understory
temperature are flat, downslope air flows have median wind speeds of 0.2—
0.5 m s~ at the meteorological station and the instrumented tree in the valley,
indicating frequent conditions in which air is less well-mixed in the forest
landscape.

The seasonal timing of rates of air temperature change does not match the
seasonal timing of cold air pooling (Figures 3 and 8). Both high (July) and low
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in (blue) and T, ., (orange), 2009-2018, at distributed temperature sensors (circles) and

reference stands (open black triangles) in the forest understory (X axis) versus elevation (Y-axis) for (a) January, (b) April,
(c) July, and (d) October. Values are mean + SE (sensor height 1.5 m). Arrows at left in (a) indicate elevations of the seven
reference stands used for long-term trend analysis (Figure 3). Numbers at top are the temperature gradient with elevation (°C/
1,000 m) based on linear models fitted to the 2009-2018 means (circles). Numbers to the right are the percent of hours of
down-slope, down-valley winds during the night (first number) and during the day (second number) at near ridge (VAN,
1,268 m, Figure 2) and valley bottom (PRI, 436 m, Figure 2) meteorological stations from 2015 to 2018. Data sources:
Schulze et al. (2023) and Daly et al. (2024).
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Figure 8. Effects of the forest canopy and mountain topography on the frequency of downslope winds (vertical bars) and the
gradient of air temperature with elevation (open blue dots and line) during (a) daytime and (b) nighttime, by month, in a
forested mountain landscape (Andrews Forest). Data are from meteorological stations near the ridge (blue bars, VAN,
1,263 m, Figure 1) and at the valley bottom (orange bars, PRI, 436 m) for the period 2014 to 2018 and at the top (gray bars)
and base (yellow bars) of an instrumented tree in the valley bottom for 2017. Data sources: Daly et al. (2019), Schulze

et al. (2023), and C. Still (2023).

(April) rates of warming occurred in months when steep elevation gradients of temperature (Figure 7), upslope
winds (Figure 8), and high correlations of air temperature among sites (Table S4 in Supporting Information S1)
indicate that air in the forest mountain landscape is well mixed with regional air masses (April days and nights,
July days). Both high (January) and low (October) rates of warming also occurred in months when flat elevation
gradients of temperature, downslope winds, and lower correlations of air temperature among sites indicate that air
in the forest landscape is frequently isolated from regional air masses (January days and nights, October nights)
(Figures 3, 7, and 8). Collectively these measurements demonstrate that air is continually in motion, moving heat
within the forest canopy and between the forest and the atmosphere at time scales from hours to decades both
during periods when cold air pooling is frequent and when it is rare, thereby transmitting long-term regional
temperature change throughout the landscape.

3.5. Spatial Variation Versus Rates of Change in Air Temperature

Warming over time in the forest understory exceeded spatial differences in temperature in many months of the
year. The 45-year increases of T,,,, (January, May through August, and October) and of T, (January, May
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Figure 9. Long-term rates of temperature change exceed spatial temperature differences in the Andrews Forest in many
months of the year. (a) Mean monthly 7, .. and (b) mean monthly T, ; . Columns (from Figure 1) are A = 45-year total
temperature change (Figure 3, Table S3N in Supporting Information S1) (°C/decade times 4.5 decades, 1979-2023); B'-
B = temperature at 36.5 m height in the canopy (B’) minus at 1.5 m in the understory (B) of instrumented trees from trees in
valley floor and ridge landscape positions, for 2016-2017 (Table S1 in Supporting Information S1); C'-C = temperature at
1.5 m in openings (C’) versus at 1.5 m in the understory (C) of nearby forest in valley floor and ridge landscape positions, for
2016-2017 (Table S1 in Supporting Information S1); temperature in the forest understory on equator-facing slopes (D")
versus polar-facing slopes (D) controlling for elevation (Figure 7); E’-E = temperature in the understory at low elevation (E’]
minus high elevation (E] (°C/1,000 m) (Figure 7).

through September, and November) equaled or exceeded the spatial differences in forest understory temperature
between the canopy (36.5 m) and the understory (1.5 m) of instrumented trees (B’-B), between canopy openings
and nearby forest understory (C’-C), and with topographic shading (D’-D) (Figures 1 and 9, Tables S5 and S6 in
Supporting Information S1). The 45-year increases of T,,,, (July) and of T, (July through September) also
equaled or exceeded the spatial variation of understory temperature from low to high elevation (E’-E) (Figure 6,
Table S5 in Supporting Information S1).

4. Discussion

To walk into a forest on a warm sunny day is to be impressed by the relatively cool environment under the forest
compared to openings. Such effects of the forest canopy on temperature have long been recognized. Less well
understood, however, is how the processes that govern understory air temperature may influence how forests are
experiencing anthropogenic climate change.

Drawing on a unique set of climate studies in the Andrews Forest over the past half century (Table S1 in Supporting
Information S1), this study highlights how a forested mountain landscape influences the energy budget via impacts
on radiation fluxes and latent and sensible heat exchanges (Figure 1), producing diverse microclimates (Figure 6)
associated with distinct plant communities identified in the 1970s (Dyrness et al., 1974; Zobel et al., 1976).

Nevertheless, rates and seasonal patterns of air temperature change did not differ among microclimates in the
forest, or between the forest understory and standard (USHCN) meteorological stations in Oregon and Wash-
ington, which encompass rainforests to deserts (Figure 3, Table S3 in Supporting Information S1). Forty-five-year
time series of air temperature change were consistent with the concept of buffering (different intercepts, similar
slopes, sensu Lenoir et al., 2017), but not decoupling (different slopes). Stations in our analysis differed in
shading, moisture, and cold air pooling, producing differences in mean 7,,,, and 7,;, among sites (buffering)

(Figure 6). Long-term changes in forest shading, moisture, or cold air pooling could potentially produce different
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rates of temperature change among stations (decoupling), but we did not find any evidence that these factors led to
lower rates of long-term warming in the understory of stable forests. On the contrary, seasonal (summer) rates of
temperature change were higher in three sites in the forest understory compared to average rates in the region.

An energy budget perspective (Geiger et al., 2009; Oke, 2002) reveals how microclimates result from the
interaction of solar and thermal radiation with vegetation and topography and their effects on heating and cooling,
local winds, and cold air pooling (Figures 1, 5-9), as demonstrated by many studies in the Andrews Forest (Drake
et al., 2022; Dyrness et al., 1974; Rosentrater, 1997; Rupp et al., 2020; Sibley et al., 2022; Smith, 2002; Zobel
et al.,, 1976) and elsewhere (e.g., De Frenne et al., 2021; Dobrowski, 2011; Minder et al., 2010; Nadeau
et al., 2022; Pastore et al., 2022; Vitasse et al., 2017; Zellweger et al., 2020). However, the processes that create
microclimate are distinct from, and do not counteract increased downward longwave radiation from increased
greenhouse gases in the atmosphere.

These findings are globally relevant because they demonstrate how vegetation, topography and elevation combine
with local winds to produce microclimates, while also mixing heat and moisture within forested mountain
landscapes—a new finding relative to prior studies (e.g., Davis et al., 2019; De Frenne et al., 2021; de Lombaerde
et al., 2022; Dobrowski, 2011; Drake et al., 2022; Finocchiaro et al., 2023; Frey et al., 2016; Lenoir et al., 2013;
MacLean et al., 2021; Patsiou et al., 2017; Rupp et al., 2020; Sibley et al., 2022; Wolf et al., 2021; Zellweger
et al., 2020).

These findings also are broadly relevant because they indicate that spatial patterns of temperature (microclimates)
provide only a transient refuge from climate change, even in stable forests in a mountain landscape. When
buffering prevails, ecosystem response depends on how rapidly temperatures favorable to ecological processes
disappear from a landscape. In multiple months, the 45-year warming equaled or exceeded the spatial differences
in temperature among microclimates in the landscape (Figures 1, 4, 6, and 9).

Warming may surpass season-specific temperature cues or thresholds for ecological processes. For example, in
the Andrews Forest, summer temperatures in the sub-alpine forest zone (>1,000 m) now resemble those of the
Douglas-fir/western hemlock forest zone (<1,000 m). Warmer summers with more frequent heat waves may
exceed thresholds for leaf metabolism (e.g., C. J. Still et al., 2023) and impede forest growth (Ford et al., 2017)
and regeneration after disturbance. Warmer summers may alter temperature cues for pollinator activity (Jones
et al., 2018; Vickers, 2022) and neotropical migratory bird species (Betts et al., 2018; Kim et al., 2022). In
contrast, the lack of warming in late winter/early spring is consistent with smaller than expected declines in
seasonal snowpack since 1980 (Nolin & Daly, 2006; Siler et al., 2019). Season-specific changes in temperature
are likely to produce complex patterns of change in phenology (e.g., Cleland et al., 2007; Ward et al., 2018),
decomposition (e.g., Harmon, 2021; Harmon et al., 2020), and nutrient export (e.g., Argerich et al., 2016; Lajtha
& Jones, 2018). High rates of warming in July and August (Figure 3) likely have contributed to increased forest
fire intensity and spread in the region (e.g., Abatzoglou & Williams, 2016; Jain et el., 2024; Williams et al., 2019),
and indeed, 70% of the Andrews Forest burned in 2023, which will further alter microclimates. Such complex,
season-specific changes in ecological processes have been observed at long-term ecological research sites in
many types of ecosystems (Campbell et al., 2022; Ducklow et al., 2022; Hudson et al., 2022; Jones & Dris-
coll, 2022; Reed et al., 2022).

As noted in the introduction, in order for a location to be decoupled in the context of long-term climate change, it
must experience some change in a component of the energy budget that counteracts the warming from increased
downward longwave radiation. For example, Daly et al. (2009) hypothesized that an increase in the frequency of
synoptic circulation patterns associated with cold air pooling events could counteract warming trends in topo-
graphic depressions. However, Pepin et al. (2011) found no difference in the rate of temperature change 1948—
2006 at 460 Global Historical Climatology Network sites in locations where the free atmosphere controls tem-
perature versus locations prone to cold air pooling, and the frequency of synoptic circulation patterns associated
with cold air pooling did not change appreciably over that period.

5. Conclusion

This study tested how the processes that produce diverse microclimates within ecosystems contribute to climate
refugia. Rates of temperature change in the understory of stable old forests in a 64 km? mountain landscape were
similar to those across the states of Oregon and Washington (>500,000 km?), indicating that forest understories
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are buffered, but not decoupled, from regional temperature trends. As expected from an energy balance
perspective, rates of temperature change were independent of vegetation, topographic shading, or the presence of
cold air pooling, and no long-term compensatory changes were detected that would produce decoupling. In the
most rapidly warming times of year (July and August) areas of relatively cool temperatures four decades ago have
apparently been eliminated over the >1,000-m elevation range of this landscape.

The findings of this study are of global importance because these unusual records demonstrate that forest un-
derstories are buffered but not decoupled from climate change. The findings illustrate a general principle: that
from an energy balance perspective, microclimate refugia are not decoupled from broader climate warming trends
driven by increased downwelling longwave radiation, unless some concurrent change in the energy balance
compensates for this heating. More work is needed to examine microclimate refugia from an energy balance
perspective, and to relate season-specific rates of change to ecological thresholds.
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