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Abstract: With the expected changes in summer weather due to global warming, knowledge of the
microclimatic variability at the forest floor dramatically increased in importance for silviculture,
wildfire management and biodiversity issues. Thus, during the warm season in 2014, thermal aspects
within a heterogeneous forest were recorded at nine sites and compared to data from a nearby
weather station. It was found that soil (—5 cm) and near-surface (0-2 cm) temperatures under shaded
conditions stayed remarkably cooler than temporarily or fully radiated spots inside and outside the
forest; largest differences occurred in maxima (July: 22.5 °C to 53.5 °C). Solar radiation was found to
be the main driver for the strong heating of near-surface microhabitats, which could be reinforced by
the vegetation type (moss). The weather station widely reflected the average condition on forest floor,
but lacks the biological meaningful temperature extremes. The measurement system (internal versus
external sensor) resulted in differences of up to 6 K. The findings underline the importance of old or
dense stands for maintaining cool microrefugia. However, also the need for careful selection and
analysis of microclimatic measurements in forests, representative for specific microhabitats, under
consideration of ground vegetation modifications.

Keywords: forest microclimate; micro-meteorology; temperature variability; forest floor; standardized
weather station; microrefugia; solar radiation

1. Introduction

Global warming causes changes which pose major challenges to both science and
society. In urban spaces, the stressful effects of the heat island will be exacerbated, increas-
ing summer heat stress and health problems for urban residents [1]. Green spaces inside
and outside the city, and especially larger forest areas, contribute to mitigating these stress
effects through physical mitigation processes, which today are often denoted as ecosystem
services [2-4].

However, the changes not only pose a challenge for forests and their management,
but also for the biodiversity of microorganisms. Whereas spring frost damage has been a
pressing problem up to now [5,6], the intensification of heat and drought periods in future
summers will present silviculture with additional issues to consider [7-10]. One issue,
for example, is the survival probability of juvenile stages under such extreme events [11].
However, severe damage is already occurring, even in mature forests of drought-adapted
species composition [8]. Forests with dead trees are more vulnerable to fire hazards, which
are expected to occur more often in Europe’s forests in future with related negative effects
on local biodiversity for the widely non fire-adapted species [12]. Long-term shifts of
species toward more warmth-adapted species was already observed [13]. Biodiversity
research is now concerned about whether our forests can provide heat-sensitive species
with cooler microrefugia in which they can survive despite overall warming [14-17].
Knowledge of the microcosm on the forest floor is therefore rapidly gaining in importance.

In view of the current state of research, however, it must be noted that studies on the
thermal behavior of the near-surface microclimate in particular are largely lacking [16,18,19].
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Instead, standardized weather stations are frequently used to answer forest-related
questions—despite the large differences that exist between the open land measurements at
2 m height and on the forest floor [16,17,20-22]. In addition, the conditions on the forest
floor itself are much more variable than in the field. Based on modeling results, Graae et al.
(2012) described it as follows: the thermal within-site variation can be “as high as would
be expected from a 300 m change in altitude or from a 4° change in latitude or a climate
change scenario corresponding to warming of 1.6-3.8 °C” [17]. As consequence, more
studies on the variability of the near-surface microclimate of forests are therefore needed
to extend knowledge across different regions and gained with different measurement
approaches—since below-canopy measurements are not yet standardized in research.

In this study, the diversity of thermal conditions of a heterogeneous, coniferous
dominated forest was investigated over one growing season (April to September). The
study year 2014 was the warmest, did not offer hot and dry weather extremes in the
summer, but rather reflected cool and rainy conditions. However, typical of this region
before the onset of climate change impacts.

The focus was on the top centimeters above the soil, i.e., the place of humus, leaf
litter, bryophytes, and vascular plants, covering or even being the microhabitat of many
organisms such as tree seedlings [23], various insects, decomposers such as collembola and
oribatite mites [24-26], ticks [22,27], microbes [28], and many more. It is to be expected
that grass and moss themselves heat up to different degrees and thus, in addition to the
effects of shading and evaporation, influence the measured temperatures [5,29]. Small-scale
climate phenomena are influenced by many different factors acting on different temporal
and spatial scales. Based on existing definitions [21] but modified for the purpose of this
work, the term microclimate is used to represent conditions tied to a specific microhabitat—
for example, a small soil refugium, a specific layer within humus, or the soil surface
under grass.

The investigations focus on the short-term variability inside a forest as well as the
differences compared to standardized measurement set-ups outside a forest, thus focussing
on relative statements at short time-scale. Of course, also local and long-term climatic
effects at a larger scale such as land topography, exposition and slope [30], canopy related
aspects [31], cold air pools, altitude or latitude of the locations, etc. [17,32,33], may impose
an influence on absolute temperatures. To exclude such kind of superimposed effects on the
investigations, a widely flat terrain was selected as study area with a maximum distance of
1 km between all measurement sites. In addition, regarding the weather situation, it can be
plausibly assumed that almost all typical situations of clear, cloudy and rainy days have
occurred during the (continuous) recording period from April to November.

A large influence on the variation of the thermal behavior of the forest floor is of course
closely related to the structure of forest canopies. They highly modify external factors such
as the amount of incoming solar radiation or outgoing nocturnal radiation, the amount
and distribution of incoming precipitation and reduce wind speed, depending on, e.g.,
canopy density and gaps, tree species/crown structure, age, foliage characteristics such as
the leaf area index (LAI) [5,6,31,34,35]. An often-described characteristic is the moderating
effect of extremes, mainly temperature, wind and moisture, through forests [21,36,37]. An
important driver for the temperature of the near-surface is the amount of incoming solar
radiation, i.e., diffuse and beam radiation, and absorptivity of the irradiated medium,
which converts the absorbed energy into latent heat fluxes (evaporation) or sensible heat-
fluxes (heating) [21,38,39]. Each layer of vegetation, from the tree canopy to young trees,
shrubs, and herbaceous vegetation, represents an insulating layer that affects incoming
radiation through processes of reflection, absorption or transmission [5,6]. Furthermore,
the amount of radiation reaching the forest floor is seasonally influenced by the height
of the sun and is dominated by the irregular vegetation structure of the forest [40]. For
evergreen tree species, greater amounts of radiation occur primarily in open areas; direct
solar radiation in clearings are modified by the size of the clearing and its orientation to the
sun. The larger the clearing, the greater the amount of incoming radiation, the higher the
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resulting temperature averages and maxima, but also the nighttime minima [34]. In dense
and layer rich stands, the amount of beam radiation as well as diffuse radiation reaching
the ground can be less than 10% compared to above-canopy conditions [40].

In order to reflect the thermal range at the floor of the forest under consideration, the
measurement sites included clearings of different sizes, but also heavily shaded sites—
below an old low-hanging coniferous tree and within a dense spruce woodland. A total of
nine Micro-Loggers continuously recorded different thermal situations within the forest. A
part of the Micro-Loggers was operated with internal sensors, a part with external sensors,
to include potential device-dependent aspects. One of these sensors was placed under grass
of a nearby meadow to record open-land conditions. Two micrometeorological stations
were additionally operated at a small clearing in the forest to record also air (+50 cm) and
soil (=5 cm) conditions as well as incoming solar radiation. One advantage of the study
area was a nearby weather station operated by the German Weather Service. The station
allowed a comparison of thermal conditions, but also recorded information on cloud cover,
sunshine hours, rainfall, etc., useful for assessing the weather within the measurement
period and in comparison to long-term averages.

Three main research questions arose from this approach:

a. how can realistic surface temperature data be obtained, given the lack of standard
measurement methods?

b. how variable is the microclimatic situation on the forest floor? Or more precisely:
to what extent can the thermal variability be detected with the operated measuring
devices?

c¢. how much does the near-surface situation in the forest deviate from the open-land
and the nearby official weather station?

Based on these questions, it was hypothesized that (i) the external sensor system
would record a slightly higher temperature than the internal sensor system (same location),
(ii) solar radiation (especially beam radiation) affects the near-surface temperature stronger
and faster than the air temperature and at least the soil temperature, (iii) forest patches
characterized by a high density of canopy or spots located beneath a tree would be remark-
ably cooler than clearings or the open land; (iv) this moderating effect of forest canopy or
single trees would be greater in high summer compared to spring, and greatest during
warm and dry weather situations and on clear summer days, respectively; (v) compared to
the nearby official weather station, conditions should be more moderated within the forest.
In addition, it was expected that the individual factors would interact with each other, thus
demonstrating the complexity of the below-canopy thermal cosmos and its relationship to
the open-land microclimate. The results are discussed in terms of previous findings and
their significance in the context of expected changes due to climate change.

The aim of the study was to record and compare the variety of thermal conditions
on the forest floor. Since there are no standardized procedures for this, two different
measurement systems were used, which made it possible to validate the data in certain
respects. Another goal was to compare these results with the data of a nearby official
weather station, to document the differences and identify systematic differences, as well as
inferring the underlying physical relations.

2. Materials and Methods
2.1. Study Area and Measurement Set-Up

The study area is located on a small plateau of the low mountain range Schwébische
Alb at 48°06' N 08°45’ E at about 1000 m a.s.l. near the town of Gosheim, Germany. Climat-
ically, the long-term annual mean is 6.8 °C and 969 mm precipitation (1981-2010) [41,42].
This study area was selected for following reasons:

— flat topography so solar radiation conditions were comparable (no exposition effects);

- contiguous forest area with different areas in terms of tree species, age, stand structure
and canopy density;

— diverse types and density of forest understory.
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i.e., a good balance between typical forest ecosystem complexity and still reasonable
homogeneity for generalization of results.

The calcareous soil is shallow and rich in stones (regosol), the type of humus is
moder. The microclimatic measurements were largely carried out within a contiguous
forest area, comprising different areas in terms of tree species, age, stand structure, and
density. Coniferous species such as spruce (Picea abies) and silver fir (Abies alba) dominate,
in small parts beech (Fagus sylvatica) and occasionally other tree species such as birch
(Betula spp.) or maple (Acer spp.). Dense stands of trees and pure woodland alternate
with sparse stands and clearings of varying size. The forest understory is correspondingly
diverse, characterized by moss and herbs in the shade of conifers, grasses and shrubs in
larger clearings, and leaf litter under beech trees.

The measurement sites were selected to represent the typical local diversity of micro-
habitats. All stations and loggers in the forest were located at a maximum distance of 500 m
from each other, so the sites can be considered similar in terms of macro- and mesoclimate,
precipitation conditions and, to a limited extent, soil conditions. An overview of the area,
the location of the individual loggers and the forest structure is provided by Figure 1.
Air and soil measurements were carried out using climate stations (SS, MS), near-surface
measurements using Micro-Loggers (ML). A brief description is given in Table 1.

Figure 1. Overview of the locations of the individual measuring spots of the DWD station (blue),
micrometeorological stations (MS, SS), the Micro-Loggers of System-1 (white, ML-1 to ML-6) and
System-2 (red, ML-7 to ML-10). The graphs give an aerial view (source: Google maps) from the forest
(a), the adjoining open land to the north (b) as well as images of four diverse forest measurement
spots (c—f).
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Table 1. Description of the micro-meteorological stations (MS, SS) and near-surface Micro-Loggers (ML) within the forest.

Log-ID Type Medium Location
. ! Air (50 cm) “Small clearing”: a small oval-shaped clearing (~20 m W-E, 10 m N-S) in the forest, surrounded by
Medium Station (MS) Mlcrometero : Soil (—5 cm) tall conifers (spruce, fir; ~15-20 m) with trunk diameters up to 50 cm, and smaller trees (spruce, fir,
station Leaf litter beech). Station positioned centrally (N-S)/west. Thin leaf litter (~3 cm).
Small Station (SS) Micromgteorol. A1'r (50 cm) Same clearing as MS, but positioned in the suoutheastern”area, directly in the tree shade of a large fir
station Soil (—5 cm) (="N-exposed”).
ML-1 Grass “Wide clearing”: clearing ca. 50 m diameter, station located central /north
ML-2 Moss “Tree shadow”: at the base of a large fir tree, adjacent to “small clearing”
ML-3 Micro-Logger Moss “Small Station”: extends the SS with a near-surface sensor
ML—4 System-1 Leaf litter “Beeches”: a group of small beeches (3—4 m) near the “small clearing”
ML-5 Grass “Wayside”: on the west side of a forest path
ML-6 Grass “Open-land”: on a large meadow, between the forest and official weather station
ML-7 Grass “Wide clearing”: directly next to ML-1
ML-8 Micro-Logger Moss “Tree shadow”: directly next to ML-2 (data from 1-15 Apr.)
ML-9 System-2 Moss “Small clearing”: central, near Medium Station, afternoon sun
ML-10 Moss “Spruce woodland”: homogeneous old spruce stand, about 15 m high, in narrow rows

In order to compare the ground conditions (instrument: micrologger) outside the
forest with those in the forest directly, a logger (ML-6) was stationed on a directly adjacent
meadow—maximum 700 m from the other Micro-Loggers (400 m from MS and SS). Close
by (max. < 1 km distance, 500 m to MS and SS), the Klippeneck climate station (ID: 2638;
973 m a.s.l.) has been operated by the German Weather Service since 1946, data are freely
available from the Climate Data Center.

The measured parameters and the different design of the measuring systems used is
illustrated in Figure 2. The micrometeorological stations as well as the Micro-Loggers were
specially designed and configured for the measurement task.

The micrometeorological stations (HOBO micro station data logger H21-002, by Onset,
Bourne, Massachusetts) were operated in a hard plastic box with air dehumidifier, in order
to prevent humidity-related damage (e.g., faster discharge of batteries). Air temperature
and relative humidity were measured at 50 cm height (medium and small station) and in the
litter (Medium Station) using Temperature and RH Smart Sensor STHB-M002 (resolution:
£0.02 °C/0.1%RH at 25 °C; accuracy: £0.21 °C/2.5%RH). A white radiation shield or a
protective casing covered with aluminum protects the sensors from direct sunlight and
moisture (further information in Boehnke 2017). Soil temperature was measured with the
Temperature Smart Sensor S-TMB-MO002 (res.: £0.03 °C at 0-50 °C; acc.: £0.2 °C) at 5 cm
soil depth or the Ah horizon of the soil, respectively. Mean values (10-sec log interval) were
recorded every 10 min.

The low cost Micro-Loggers (ML) (Escort Mini 2000 Temperature Logger) are pure
temperature loggers with an accuracy of 0.5 °C (res.: £0.1 °C; acc.: £0.5 °C) (Figure 2c).
The loggers were calibrated before usage, devices with a deviation > 0.5 °C were excluded.
In contrast to the measuring stations, the recorded value does not represent a mean value,
but a singular measurement. All Micro-Loggers were sealed in plastic and protected from
moisture by drying granules (Figure 2c). Pieces of wood or wire tagged with signal color
marked the measurement sites of the (completely) covered MLs. Data were collected at 1 h
(16-04-2014 to 06-06-2014) and 0.5 intervals (remaining time) from 01-04-2014 to 30-09-2014.

Originally, the sensor of the Micro-Logger was embedded in a white plastic encase-
ment within a heat conductive paste (internal sensor, System-1, ML-1 to 6). In contrast to
nonencased sensors of the DWD, MS and SS, which can detect air temperature changes
directly and immediately, the temperature changes of the Micro-Loggers are bound to the
casing, which is why a certain temporal inertia could be assumed. Through the contact of
the casing with the medium (moss, leaf litter), the ambient temperature is (a) averaged over
the total casing surface and (b) directly transferred from medium to casing. Sensors located
in the air (DWD, MS, SS), in contrast, reflect the temperature of the ambient medium air
directly, without time delay and transmission through a transfer medium (casing). In order
to obtain data reflecting the special conditions near the ground surface without time delay
and punctually, sensors (size: about 1 mm?) from four Micro-Loggers were relocated to the
outside (external sensor, System-2, ML-7 to 10).
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Figure 2. Features of the Micro-Loggers and climate stations in the forest (MS, SS) and the weather station of the German
Weather Service (= Deutscher Wetterdienst, denoted as “DWD) (a,b); (c) illustrates the general measurement setup of the two
Micro-Logger Systems 1 (internal sensor) and 2 (external sensor), which were located under moss (top) or grass (bottom).

In the field, the Micro-Loggers (ML) were located on top of the soil (Ah horizon), i.e.,
within the overlying vegetation layer (moss, grass or leaf litter) and thus protected from
direct sunlight. The external sensors were placed as close as possible to the surface (location
of highest energy conversion during beam irradiation) but embedded in the vegetation
layer to minimize overheating effects. The Micro-Loggers should reflect the conditions
experienced by an organism (e.g., plant seedlings, amphibians, insects, arachnids, etc.)
inhabiting the ground-near forest, i.e., moss, leaf litter, or grass. The grass microhabitat
changed over the course of the year. The Micro-Loggers were covered primarily by dead
biomass at the beginning of the measurements, then broken through by fresh grass and
largely replaced by it by mid-summer (ML-1,5,6,7). The moss in the tree shade and in the
spruce forest was protected from desiccation and thus much more voluminous (ML-2,3,8,10:
5-10 cm) than the moss in the clearing (ML-9: 2—4 cm).

2.2. Analysis

All data were processed and analyzed using Microsoft Excel 2016 or R version
3.5.2. [43]. The data were visually checked for outliers and missing values. Outliers
were excluded from analysis. Single missing values were replaced by the average of the
previous and subsequent data value and data gaps over several hours were not supple-
mented, but this only concerns some hours at 6 June. Single missing values were limited to
the hour of manual data readout on a total of five days (16 April, 6 June, 27 June, 14 July,
10 September). Otherwise no data gaps occurred. Data from the Medium station were only
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included as of 17 April. For comparison reasons with the official weather station, data were
calculated as hourly averages.

Data analyses were mainly based only visual observations, descriptive statistics as
well as correlation and regression analysis, as presented in [44,45]. In order to filter out
days with high radiation, promising days were first identified via the daily temperature
curves and then plausibility was determined with the number of sunshine hours.

In order to identify possible deviations of the two measuring systems, both System-1
(internal sensor) and System-2 (external sensor) were simultaneously operated at two spots
from 1-5 April. To evaluate as different radiation situations as possible, a large clearing
(Figure 1f “wide clearing”, ML-1, ML-7) and a shaded spot under a large coniferous tree
(Figure 1d “tree shadow”, ML-2, ML-8) were chosen. This part refers to measurements
from April 1 to 15, a spring situation with seasonally reduced irradiance, comprising
parallel recordings at two sites. The Micro-Loggers were installed under grass (“wide
clearing”) or moss (“tree shadow”). To enable comparisons over the entire study period,
two Micro-Loggers (ML-1, ML-7) were operated in parallel at “wide clearance” from April
to September. It was expected that the system with an internal sensor (S1) would have a
lower amplitude and lower max and min values than the system with an external sensor
(S2). Differences should be greatest when energy input to the system is high, i.e., on days
with high radiation, but should be much smaller on cloudy days. Following the same
logic, conditions in the clearing (clear) should be significantly warmer than in the tree
shade (shad).

According to the Shapiro-Wilk test, the data distributions of the hourly values were not
normally distributed in every case; therefore, statistical tests recommended for non-normal
distributions were used. To test for similarity between time series, correlations analyses
were operated using Spearman’s rank correlation coefficient [46]. Linear regression models
were calculated to test for relationships and systematic deviations. Results were considered
significant when p < 0.05 (p < 0.05*, p < 0.01 ** and p < 0.001 ***.

To get an impression about the thermal conditions at the forest floor in comparison
with the nearby station “Klippeneck” but also other official weather stations, accumulated
temperature sums (hourly data, April 1st to Sept 30th) were used. Additional DWD
stations were “Sigmaringen-Laiz” (580 m a.s.l., 48.07° N; 9.19° E), “Merklingen” (685 m
a.s.l, 48.51° N; 9.76° E) and “Ellwangen-Rindelbach” (480 m a.s.l., 48.99° N; 10.13° E).

3. Results
3.1. Weather Situation

The study year 2014 was the hottest year in Germany since weather records began,
with very hot and dry conditions in June and early July, but rather cool and rainy conditions
in mid-summer month of late July and August [47]. The characteristics of the study
period, which were measured at the Weather Station “Klippeneck” near the study area, are
summarized in Table 2.

Table 2. Monthly weather characteristics of the nearby DWD weather station “Klippeneck” in 2014.
The deviation from the long-term average is given in Kelvin (K).

Sun Dur (h) Cloudiness Rainy Days Tempzp14 (°C) t2014—t1981-2010 (K)

April 153 5.6 37% 8.32 2.62
May 173 5.8 48% 9.7 —-0.5
June 256 47 37% 14.95 1.75
July 157 5.8 65% 15.53 -0.27
August 140 6.2 52% 13.28 -1.92
September 140 55 37% 12.66 0.86

As can be seen, April and June were remarkably warm and sunny, yet also few cold
and rainy days occurred. The hot period of June extended into July and was then replaced
by very cool conditions, which is not covered by monthly averages. In contrast, late
July and August were cool and cloudy most of the time, with some rain. Therefore, the
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results certainly do not cover the conditions that would occur under weather extremes,
e.g., especially hot and dry summers (year 2003, 2015 or 2018).

In summary, this heterogeneity underlines that most typical short-term weather situ-
ations indeed appeared and have been recorded, although monthly averages may differ
from the long-term climatic baseline (1981-2010) [41,42]. The particularly interesting fully
radiation days appeared comparatively seldom at the Klippeneck station during the study
period (data not shown). Long dry and warm /hot periods were present in April and June,
but extreme mid-summer conditions did not occur.

3.2. Sensor-Version Comparison: System-1 Versus System-2

In general, the daily amplitude of temperature was evidently higher for external (52)
than for internal (S1) sensors (maxgjear: +9.3 K, maxghaq: +6.9 K; STDgjear: +2.4 K, STDgpaq:
+1.1 K) at both sites. Higher deviations of the two systems occurred (a) on days compared
to nights, (b) on days with long sunshine durations and intensive beam radiation and (c) in
the clearing compared to tree shade. These effects are illustrated on the basis of a 4-day
period (Figure 3a).
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- 03 ....... Junc
E July
g 0 — = August
= - = September
T oo
ol
%)
g 00
2
<
-01
-02
-03
04

0:00
1:00
2:00
3:00
4:00
5:00
6:00
7:00
8:00
9:00
0:00
1:00
2:00 ¢
3:00
4:00
5:00
6:00
7:00
8:00
9:00
0:00
21:00

local time (monthly mean )

Figure 3. Temperature deviations between S1 and S2 (a) according to sensor system and location and
(b) along the season. (a) Temperature differences of the two systems (S2 minus S1) at “wide clearing”
(clear, in red) and “tree shadow” (shad, in blue) and differences between the locations looking at S1
(black) or S2 (grey) from April 2 to 5. Sunshine duration considerably decreased in the course of the
days (h/day: 10.2, 3.1, 0, 0); (b) the lower graph depicts differences between S1 (ML-1) and S2 (ML-7)
at “wide clearance” as hourly mean values from spring to autumn 2014.

7

The differences between the sites (Figure 3a, black and grey lines) were distinctly
larger than the observed differences between the systems at one site (Figure 3a, red and blue
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lines). On average, “wide clearing” was 8.8 K (51)/10.5 K(S2) warmer with a maximum
of 16.1 K (51)/20.6 K (S2) compared to “tree shadow”. At “tree shadow”, conditions were
considerably cooler and less pronounced between systems.

Comparing only temperatures at daytime (08:00 to 17:00) at days with a high irradiance
(2 April, 11-13 April) resulted in higher differences between both systems (meanje,,: 3.3 K,
meangh,q: 1.5 K) compared to the total period from April 1 to 15 (meangje,,: 0.6 K, meangpaq:
0.3) (data not shown). During the day in the absence of direct sunlight (April 5) and at
night, the differences between (a) the two systems and (b) the two sites were much smaller.
On cloudy day, the external sensor system (52) was warmer by 1.0 K (clear) /0.5 K (shad) on
average and 4.9 K (clear) /1.9 K (shad) maximum compared to the internal sensor system
(S1). Differences between sites were also similarly low at night.

The daily temperature difference curves are represented as monthly averages from
April to September, to depict differences between the months (Figure 3b). While in April
and May there was still a clear and changing system difference in the course of the day, in
August and September there was hardly any difference between the two systems. With
respect to the weather situation, the difference can be attributed to the monthly weather
situation and partly confirms the findings of the first part: higher deviations of the two
systems occurred (a) on days compared to nights, (b) in months with many clear and sunny
days compared to rather cool, rainy months (compare Section 3.1).

It was striking that the situation was reversed in June, i.e., that the internal sensor
system (51/ML-1) recorded much higher temperatures than the external one (52/ML-7).
Compared to the temperature maxima of the other months, the S2 remained consistent,
while S1 recorded suddenly and only in June significantly higher temperatures (data not
shown). Thus, the June data from ML-1 were removed from further analysis.

In summary, the results suggest that sites with different systems are the most comparable,
a.  if they are generally heavily shaded (ML-2, ML-3, ML-8, ML-10);

. on cloudy days with minimal beam radiation;
c. atnight.

On days with high solar irradiance and especially at sites partially (ML-1, ML-4, ML-5,
ML-7, ML-9) or completely (ML-6) exposed to it, however, high differences between the
two systems were observed.

3.3. Effects of Tree Shading on Solar Radiation and Ground-Level Thermal Conditions

The effects of shading by trees on the temperature near the forest floor are illustrated
by a sunny period in June (Figure 4).

DWD_Ta MS Ta MS Ts - MS Tli =———MS_ solrad 900
800
700 =
600 =
500 §
. 400 g
300
=
200 g
100
.................................................... 0

Figure 4. Diurnal radiation and temperature pattern during clear sky conditions over three days in June 2014. MS refers to the
Medium Station at the “small clearing”, with Ta = air temperature (50 cm), Ts = soil temperature (—5 cm), Tli = near-surface

temperature, solrad = solar radiation, and DWD_Ta air temperature (2 m) of the nearby official weather station.
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Medium Station (MS) was located on a “small clearing” surrounded by tall conifers.
The near-surface sensor (MS_TIi) was located on the soil surface, surrounded and slightly
covered by organic matter (moss, leaves). Solar radiation measured at the station indicates
that the trees largely prevented direct irradiation in June until about 10 a.m. and from 3
p-m. (MS_solrad <100 W/ mz). In between, beam radiation nearly reached up to 800 W/ m?2.
The diffuse radiation measured during the day in periods without beam radiation peaked
at 4 pm with 126 W/m?.

A sudden drop of solar radiation is visible at 1 p.m. This effect also occurred through-
out the study period from April to September (data not shown), solar radiation never
reached values higher than 500 W/m? at 1 p.m. Thus, this drop must be an effect of a tree
(or group a trees) shading the station at that time.

It is clearly visible from the simultaneous drop in temperature that the temperature
reacted immediately to this shading. The amount of solar radiation had a strong and direct
effect on the measured near-surface temperatures Tli, and in weaker terms on the air Ta.
Intermittent shading at 1 p.m. decreased Ta and Tli by an average of —2.9 K (—2.4 to
—3.3K) and —5.2 K (—3.0 to —8.0 K), respectively. The permanent shading from 3 p.m. had
only a weakened and delayed effect on Ta (2 p.m. to 3 p.m., mean: —1.7 K), but a direct
and noticeable effect on Tli (2 p.m. to 3 p.m., mean: —7.9 K). Beam radiation led to a direct
temperature increase of 6.1/9.2 °C (min/max) from 10 a.m. to 11 a.m. both at 50 cm height
and near-surface, but the air warmed distinctly less (2.1-3.5 °C) than Tli (6.2-14.6 °C) in
subsequent hour from 11 a.m. to 12 a.m. on all three days. In total, the radiation-induced
warming from 10 a.m. to 12 a.m. increased successively during the warm period at TIi,
from 13.4 K on day 1 to 23.9 K on day 3.

Compared to the official weather station (DWD, 2 m, open land), the air temperature
in the forest was several degrees cooler in times without beam radiation and more uniform
in the course of a day. Under beam radiation, air temperatures in the forest were between
6 and 7 K higher than at the DWD station all three days. The surface-near temperature
(MS_TIi) reached higher temperatures than the DWD station only under direct beam
radiation, an effect which increased during the three days (12 am.: +4.7/6.8/13.1 K).
This steady increase, which was not observed in the air (MS_Ta), is probably due to
other environmental factors such as humidity (data not shown). Over the three days, soil
moisture content at 5 cm depth decreased from 28% to 24% water content (m3/m?3); relative
humidity decreased from max/min = 100/94%, 100/73% to 97 /53%. The data suggest that
the decrease in ambient moisture during the sunny period amplified the heating near the
soil surface. More detailed investigations of this are not part of this study.

In summary, the results indicated that

a. atnight and at low irradiation, the near-surface temperature was quite similar to the
soil conditions (—5 cm);

b.  for diffuse radiation, the course of the near-surface temperature ranged between soil
and air conditions (both in terms of time and value);

c.  beam solar radiation exerted a direct and strong influence on near-surface temperatures;

d. and that the magnitude of warming increased as moisture content (soil moisture
and relative humidity) decreased, though this needs to be examined in more detail
in future.

Due to the strong and direct influence of the beam solar radiation on near-surface
temperatures, the greatest differences between all spots are to be expected on clear days
at daytime. The thermal comparison of the different spots in the following section was
therefore carried out using clear days with high radiation.

3.4. Diurnal Thermal Patterns and Comparison of Near-Surface Temperatures

On the one hand, the greatest thermal differences between the microhabitats in the
forest are to be expected during clear days (Section 3.3), although the analyses also showed
that under these conditions S1 and S2 diverge most clearly (Section 3.2). Consequently, the
following analyses are separated by Micro-Logger system.
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The graphs of Figure 5a show the temperature curves of all Micro-Loggers on an
intensive radiation day in July 2014. By showing the temperature course of the “open-land”
ML-6 (S1, all-day insolation), the shading and associated temperature drop in the other
ML becomes clearly visible in both graphs of Figure 5a,b. Beam radiation versus shading
and associated temperature reactions differed considerably between sites in terms of time,
duration, and effect size. Peak time differed between spots from 8 a.m. to 2 p.m., even two
strong and/or several weaker peaks occurred at some spots.

Overall, a pronounced warming occurred only from 8 a.m. (S1) or 9 a.m. (52) (except
“open-land”: from 5 a.m.), indicating that the trees intercepted the radiation of the oblique
sun to a large extent beforehand, and that radiation could penetrate to the forest floor
especially when the sun reached higher elevations. All Micro-Loggers showed a strong
temperature decrease from about 14 p.m. (S2) and 15 p.m. (S1), while the curve of the
“open-land” reached nighttime values only from 20 p.m. onwards.

wide clearance
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Figure 5. Diurnal temperature courses of the Micro-Loggers on a clear (a) and a cloudy (b) day in July 2014. On the clear
day (July 18th), S1 and S2 are separately presented. The lower graph also shows the temperature situation recorded at the
micrometeorological stations MS/SS and the DWD station to illustrate the low differences on cloudy days.

Noticeably high temperatures were recorded by ML-9, placed under moss at “small
clearance” (1 am. =54.8 °C, 3 a.m. = 51.4 °C). Since this was the external sensor system
(52), casing-related overheating is very unlikely; it can be assumed that these extreme
temperatures actually occurred in this microhabitat.
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As expected, temperature remained significantly cooler at sites with pronounced
canopy shading ((a): ML-2, (b): ML-10) compared to more open sites. Temperature differ-
ences between ML reached up to 19.7 K (S1) and 19.5 K (36.2 K for ML-9) (52), respectively.
The two shaded ML also showed effects of direct beam radiation by temperature increases
of max 5.2 °C (ML-2, 51) and 13 °C (ML-10, S2). The difference in increase is expected to be
related mainly due to the different systems (the external sensor detected the radiative flux
at the moss surface and associated temperature increase better) or probably differences in
moisture (not recorded), since both sensors were placed in the same medium (moss).

Interestingly, at some spots temperatures were temporarily higher than at “open-land”,
despite the shortened time of beam radiation. If this effect was attributed to the different
types of vegetation cover, the following statements can be made: the dense grass of the
meadow or large clearing (ML-6, ML-1) would have buffered beam radiation better (=lower
maximum temperatures) than the herbaceous vegetation along the path (ML-5) or the (thin)
beech leaf litter (ML-4) (Figure 5a). High peaks occurred in moss despite generally high
shading (ML-10) and reached extremely high values of 54.8 °C at 1 p.m. and 51.4 °C at
3 p.m. in moss at “small clearance” (ML-9). Both were external sensor systems (S2), the
high values thus reliable.

The comparison of the internal (S1, Figure 5a) and external (52, Figure 5b) sensor
system at “wide clearing” (ML-1,7, red lines) is in line with the results from Section 3.2:
ML-7 recorded warmer temperatures than the internal sensor system ML-1, and detected
the short phase of shading (due to vegetation) around 11 a.m., while ML-1 did not respond
to the changes.

In contrast to the clear day, different spots showed much smaller temperature differ-
ences under full cloud cover (Figure 5b). This applied not only to the comparison of the
ML, but also to soil, near-surface and air temperatures measured at meteorological stations
(DWD, MS, SS). At “open-land” (ML-6) as well as at “wide clearing” (ML-7) and “small
clearing” (ML-9), respectively, recorded temperatures were slightly warmer than the rest.
This effect possibly occurred as a combination of a higher input of diffuse radiation on
the clearings with more sensitive measurements (S2, external sensor), but this cannot be
verified further.

The effects and observations described above also appeared in the daily course of
the monthly mean (Figure 6). As averages of clear and cloudy days, however, values and
deviations were smaller compared to a single clear day (compare Figure 5a). It is noticeable
that intradifferences between the MLs and interdifferences to air and soil temperatures
were more pronounced in June (early summer) than in August (mid-summer). According
to results in Section 3.1., the two months differed considerably from long-term averages—
while June was significantly warmer and sunny, the weather in August was exceptionally
cool and wet.

Both the daily course of a single day and the monthly means reveal that the greatest
difference between the sites existed on days (or month) with high radiation input, but
that the thermal conditions largely converged at night or under cloudy and rainy weather
conditions. In the following section, the individual spots are evaluated with respect to the
nearby weather station.
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Figure 6. Averaged diurnal temperature courses in June and August 2014. Data from Micro-Loggers of type S1, from the
Small Station (SS) and DWD station are shown. In 2014, June was warm and sunny, while August was cool and rainy
compared to the long-term average.

3.5. Thermal Aspects Across Measurement Devices
3.5.1. Thermal Comparison of Sites (Hourly Mean Values)

Descriptive statistics of the near-surface and air temperature measures at the stations
are given in Table 3. The situation at the forest floor, averaged over the entire period, was
almost equal to the DWD station (12.5 °C vs. 12.4 °C), slightly warmer in the cooler months
and slightly cooler in the warmer months of June and July. The air at 50 cm height in the
forest was always cooler than the DWD, on average. However, larger thermal differences
occurred between near-surface spots, especially in warm and dry summer months (June:
Amean 4.5 K) compared to cool and rainy weather (August: Amean 1.7 K).

Table 3. Descriptive statistics of hourly temperature data measured near the soil surface at the Micro-Loggers (ML-1 to
ML.-10), and in the air at the nearby official weather station (DWD_ta, 2 m) and at two stations within the forest (MS/SS_Ta,

50 cm).
ML-1 to ML-10 DWD_Ta, MS_Ta, SS_Ta
Mean (Min to Max) Max Min Mean Max Min

Apr 8.7 (6.9-9.6) 17.1-35.2 —-3.0-14 83/—/7.6 18.6/29.3/18.8 —-1.8/-0.8/-2.0
May 10.3 (8.7-12.4) 18.9-41.9 —-0.1-3.7 9.7/9.3/9.1 23.8/25.2/23.7 1.2/0.9/0.8
Jun 14.7 (13.0-17.5) 24.1-50.9 5.7-7.4 15.0/14.2/13.8 30.3/34.8/31.2 6.1/49/4.8
Jul 14.9 (14.3-17.3) 22.5-54.8 5.4-8.2 15.5/15.0/14.6 29.4/32.9/28.9 5.8/6.1/6.0
Aug 13.6 (13.1-14.8) 20.2-34.4 4.7-8.7 13.3/12.6/12.4 23.6/24.4/21.9 5.8/5.3/5.1
Sep 14.8 (12.1-15.2) 16.9-30.7 3.1-11.0 12.7/12.0/11.7 225/249/20.8 1.3/1.5/1.5
Total 12.5 (11.4-14.2) 12.4/12.2/11.6

The largest intravariance (ML) as well as intervariance (ML vs. DWD/MS/SS) was
found in the maximum values. In summer during warm periods, maxima differed between
shaded spots and clearings/open-land between 20.2 and 24.1 K (shaded) and over 50 K
(open). Maximum temperatures measured in 50 cm were more similar to the shaded spots.
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Boxplots are useful to provide a comparative overview of the data distribution of
the sites over the study period from Apr to Sep. As expected from the previous sections,
site-specific differences were on average much smaller when comparing all data (day and
night) or only nighttime data than during the day (Figure A1). As this study is particularly
interested in differences, site-specific distributions of daytime data are shown for the spring
(Apr), early summer (Jun) and mid-summer (Aug) situation (Figure 7).
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Figure 7. Overview of the data distribution at daytime in April, June and August 2014. Again, the colors imply the grade

of shading of the loggers and stations (dark green = very shaded/moss, yellow = open land/grass, beige = temporal

shading/grass (ML-9 = moss), light green = temporal shading/leaf litter). The ordinate depicts the temperature (°C), please

note the different scales.

The individual loggers are ordered according to their qualitative degree of shading,
from very shaded (left, ML-2) to open-land (center, ML-6), followed by air temperatures
(Ta), and finally soil temperatures (Ts). The coloration of the individual boxplots primarily
reflects their degree of shading, from dark green (heavily shaded) to yellow (open-land).
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At the same time, the color serves to provide information about the type of organic matter
in which the Micro-Loggers were embedded.

The coolest temperatures and smallest variance were recorded in the forest soil
(MS_Ts/SS_Ts), as well as near-surface in moss under a large, spreading silver fir (ML-
2, “tree shadow”) and in a dense “spruce woodland” (ML-10). By arranging the logger
spots according to their subjective degree of shading (from left to right: very shady to full
sun), the influence of shading on both mean and maximum values becomes visible. With
decreasing shading, both higher median and maximum values occurred.

The similarity of the measurement sites was investigated using the Spearman corre-
lation (see Figure A2). As expected, the highest similarity of the official weather station
(air, Ta) was with air measurements in the forest (MS_Ta: 0.94, SS_Ta: 0.91), and was
significantly lower for measurements near the ground (ML: 0.78-0.88). The two stations
MS and SS, both located at “small clearing”, possessed the greatest similarity (Ta: 0.98,
Ts: 0.97).

The intracorrelation between the Micro-Loggers reached values from 0.84 to 0.98, with
only the two shadowed loggers ML-2 and ML-10 reaching values of < 0.90 compared to the
other spots, the others were >0.91. The shadowed loggers were more similar to each other
(0.96), as well as ML-2 (“tree shadow”) with the ground temperatures of the nearby Medium
and Small stations (0.94 and 0.92, respectively). In general, however, the scatterplots
(Figure A2, upper triangle) also show that the pairs of values differed considerably between
the sites (wide scattering) and some pairs showed consistent temperature differences
(“belly” to lower or higher values).

3.5.2. Thermal Comparison of Sites (Daily Mean Values)

Time averaging of data allows easier comparisons and generally leads to smaller
differences, but is always associated with a loss of information.

The repeated correlation analysis according to Spearman proves the latter (Figure A3).
The similarity between sites has increased across all measurement sites and systems (ML,
DWD, MS and SS). The intra-logger correlation (ML-1 to ML-10) is now 0.91-0.99, the air
temperatures (Ta) reach even higher similarity values between the three stations (0.98 to 1).
The correlation of Ta measured at DWD and the Micro-Loggers resulted in values between
0.91 and 0.95. Soil measurements in the forest (MS_Ts, SS_Ts) were very similar to each
other (0.99) and partly very similar to the shaded Micro-Loggers ML-2 and ML-10 (0.96,
0.98), but more different to the air values (Ta/Ts: 0.80 to 0.88) and the other Micro-Loggers
(0.81-0.93). Especially the view on the scatterplots (App. B2, upper triangle) shows their
similarity due to the clearly more linear structure of the measurement pairs; only the soil
showed a higher scatter. The correlation results indicate that the daily mean values had a
very similar course across sites and systems during the measuring period.

Regressions between mean daily air temperature measured at the nearby DWD station
with Ta of the forest stations (MS, SS) and two shaded (ML-2, ML-10) as well as two open
sites (ML-6 “Open land” and ML-7 “Wide clearing”) reveal the effects of medium (air
versus organically bound) and degree of shading (Table 4).

As expected, the greatest similarity in the daily means was between the air temperature
in the forest and the DWD station (MS, SS: R?: 0.98) (Table 4, top). The lowest similarity was
found for particularly sun-exposed (ML-6, “open-land”, R?: 0.84) or particularly shaded
(ML-2, “tree-shadow”, R%: 0.82) spots.

The “open-land” spot was more similar to the DWD ground measurement (—5 cm),
which can be explained by the similar conditions of beam and diffuse solar radiation
during the day. It is remarkable that all spots were warmer on average than the DWD
station (b > 0), especially at cooler temperatures, but this effect decreased with increasing
temperatures (a < 1) or even reversed at higher temperatures (visible in the scatterplots,
Figure A3).
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Table 4. Simple linear regressions (y = ax + b) for daily mean values of air (Ta), soil (Ts) and surface-
near (ML) temperatures in Apr to Sep 2014 between the official weather station (DWD) and (1)
stations inside the forest (MS, SS) or (2) Micro-Loggers inside (ML-2,7,10) and outside (ML-6) the
forest. If R was higher for DWD_Ts instead of Ta, the model is shown in the table—otherwise not.
Positive values for b indicate that the DWD station was, on average, cooler than the compared site.

y x a b R?

Ta (MS) Ta (DWD) 0.92 0.41 0.98 ***

Ta (SS) Ta (DWD) 0.89 0.47 0.98 ***

Tli (ML-6) Ta (DWD) 0.80 416 0.84 *#

Daily mean Tli (ML-6) Ts (DWD) 0.88 0.79 0.94 ***
Tli (ML-7) Ta (DWD) 0.76 3.81 0.94 ***

Tli (ML-10) Ta (DWD) 0.77 1.94 0.91 *#*

Tli (ML-2) Ta (DWD) 0.67 3.08 0.82 ***

a,b = regression coefficients; R? = coefficient of determination; *** level of significance = 0.

3.5.3. Comparison of the Temperature Sums of the Measurement Sites

A final analysis is based on temperature sums (Tsum) of the different measurement
sites, comparing

i. different media (air, soil, near-surface/organic bound);

ii. different measurement setups (Micro-Logger, forest stations (MS,SS), official weather
stations (DWD));

iii. other official weather stations located at lower altitudes (m a.s.l.).

In contrast to mean values and differences, temperature totals reflect the development
over time and are more meaningful for assessing the situation from the perspective of
biological processes. Figure 8 is structured in three graphs, which are intended to illustrate
the main findings.Strongly striking is the large thermic difference between soil temperatures
at 5 cm depth between forest and open land (DWD) stations, describing the temperature
extremes in comparison with all other sites and media. Hence, the well-known mitigating
effect of the forest definitely applied to soil temperatures. In total, soil temperatures of the
DWD station (down to a depth of 20 cm) achieved remarkably higher sums at all times
compared to the other areas, only the ML “open-land” was close (comparable radiation
situation outside the forest).

The air measures of the DWD station resulted in considerably higher values than soil
and air measures in the forest (Figure 8a) and was in the medium to upper range compared
to the conditions on the forest floor (ML) (Figure 8b). This is consistent with results from
the last sections.

Warmer than the air measures of the DWD were, beside “open-land”, the Micro-
Loggers at the clearings, which can partly be attributed to the more sensible measuring
system (52, ML-7 and ML-9). The latter was indicated in comparison of ML-1 and ML-7,
which were both operated at the same spot “wide clearing” but show differing temperature
sums, especially along the summer month (Figure 8b). The shaded spots (ML-2, ML-10)
remained near as cool as the soil temperature in the forest (SS_Ts).

A new aspect is given by including air temperature data from additional official
weather stations. Those data are widely used in ecological analyses, which is why the
comparison of the thermal situation of one forest with different DWD stations offers
particularly interesting insights. The warmest surface sites in the forest (ML-7, ML-9, both
external sensor) were comparable to a DWD station located at 685 m a.s.l., i.e., about 300
m lower than the original study site. The surface measures at a nearby meadow (ML-6,
open-land) resulted in a Tsym value ranging between DWD stations located 480 and 580 m
a.s.l.,, i.e., about 450 m lower.

In summary, the largest thermal differences were observed in the soil at 5 cm depth,
which was fully radiated outside the forest, but shaded by the canopy inside the forest.
This cooling effect of shading resulted in comparably cool conditions in the soil and near
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surface, but only at highly shaded sites. In contrast, the warmest near-surface sites inside
the forest were comparable with a DWD station located 300 m lower. The near-surface
conditions at the open land (the standard situation of a DWD station) were comparable to
DWD stations located about 450 m lower.

70000

----- DWD_Ta 7} DWD soil 5-50cm
60000 — —DWD _Ts 05 sz )
— . -DWD_Ts 20 é// e /DWD air/soil(1m)
—. - DWD Ts 50 ///' PEad forest stations
50000 - Cane _."f(soil/surface/air)
— .- DWD_Ts_100 /é- s T
s
40000 =
30000
20000
10000
(a)
0
70000 DWD soil 5cm
----- ML-1 P
-~
— =, |
60000 . //
g ——ML-3 ML clearance
2 50000 ML-4 // DWD air
g —ML-5
g ML-6 - 7 ML , tree shadow*
E 0000 ML , spruce woodl.*
g 4 ML-7 SS  soil Sem
2 ———ML-9
B
< 30000 ——ML-10
E | - DWD_Ta
g — —DWD_Ts_05
3 20000 S
< — —SS_ Ts
> _
=
= 10000
(b)
0
70000
60000 ~DWD_580ma.s.l
“DWD 685m a.s.l/
50000 ML clearance
DWD _973mas.l.
40000
30000
20000
10000
0 =
L R B 8 Emep22S S S 5SS S EE S0 Moo e
5EEEEEEEEES2222223222222850758
88251}ﬂg2'(9']:']'39'2?’.00—-mm822$8%233

Figure 8. Accumulated temperature sum for the study period from April to September 2014. (a) Show-
ing the nearby official weather station (DWD) and forest stations (Ts = soil, Ta = air, Tli = near-surface),
(b) the Micro-Loggers (ML) and comparable measures of DWD and Small Station (SS) and (c) other
official weather stations comparable to the warmest ML.

4. Discussion

The results of our microclimatic measurement concept support and extend previous
studies indicating the strong differences between official weather data and conditions
within a forest [20,48] or mapped the diversity of thermal conditions on the forest floor
and related them to large-scale climate data [14,17,49]. By using Micro-Loggers at the soil
surface as well as weather stations in the forest as a link to the nearby official weather
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station, the diverse thermal characteristics of different microhabitats could be depicted and
compared on a fine granular scale. In addition, the formative influence of the change of
shading and solar radiation in the forest could be shown.

In the following, insights into the measurement concept, implications of the results,
and their significance for future research in forest floor microclimate are discussed.

4.1. A Concept to Explore the Thermal Microcosms at the Forest Floor

This study presents a case study in which the meteorologically rarely analyzed do-
main of the lowest organic layer, between the ground surface and the radiative transfer
surface, was investigated. By choosing a study area with largely constant altitude and flat
topography, respectively, thermal differences caused by topographical aspects and latitude
were minimized [17,19,21,30,50-52]. Thermal differences should therefore be mainly due
to canopy cover, and to a lesser extent due to differences in ground vegetation or soil
moisture [6,21,22,51,53,54].

Since the largest range in temperatures is expected in summer compared to the other
seasons [55], it can be assumed that the maximum differences between the sites could be
mapped during the study period from April (spring) to September (fall). The midsummer
of 2014 did not offer any extreme weather conditions (heat and drought), so that the
conditions can be regarded as rather moderate. It can be concluded from this that the
temperature maxima and mean values will certainly reach even higher values in extremely
hot summers.

The meteorological stations Medium and Small Station served as reference stations
between the official weather station “Klippeneck” outside the forest (Ta in +2 m, Ts) and
the near-surface measurements (ML in +0-2 cm). By air (Ta in +50 cm), soil (Ts in —5 cm)
and near surface (Tli in 0-2 cm) measurements they built the link to both measurement
extremes. The Medium Station also recorded solar radiation, so that the influence of
radiation on Ta, Ts and near surface was captured. Medium Station was located in a small
clearing and surrounded by tall, old conifers (Figures 1d and 2b). Recordings showed
that already diffuse radiation (low solrad values) and/or rising air temperatures outside
the forest caused a certain temperature rise in the morning, but only beam radiation
resulted in strong temperature rises, which in turn led to a drop in temperature directly
during temporary shading. The results are in line with previous studies showing the
high importance of insolation for forests ground-near temperature but also the modifying
influence of shading by vegetation [17,18,21,56].

It was found that the external sensor system (52) responded more strongly and quickly
to higher energy input (day) or output (night) and changing (air) temperatures within the
microhabitat. The heating of the internal sensor system (S1), on the other hand, is mediated
by the contact of the casing with the organics and soil, and thus reflects—temporally
slightly delayed—an average value of the microhabitat. At “wide clearing”, both systems
were operated over the entire measurement period giving an impression of the variation
from spring to fall. Due to the increased solar radiation in summer, larger differences would
be expected—however, data did not reflect this. This is most likely due to the unusual cool,
cloudy and rainy conditions in July and especially August.

By chance, a source of measurement error in the internal sensor system was also
identified. In June, S1 suddenly recorded much higher temperatures than the external
system until the end of June. This phenomenon occurred exactly between the two readout
dates (6.6. and 27.6.2014). Since the S1 sensor is connected to the casing via a heat-
conducting paste, overheating occurred very likely due direct illumination. This indicates
that the casing of ML-1 was no longer fully covered by the grass. It can be concluded
from this that protection from direct sunlight is particularly relevant for the internal sensor
system in order to exclude measurement type errors.

The measurement concept using only temperature loggers allows the investigation of
the thermal variability on the forest floor—specifically within the organic matter, placed
on the soil and near its surface to the air. However, without the additional measurements
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of solar radiation and other parameters at a station on a clearing, the strong temporary
influence of beam radiation on the local near-surface temperature—as well as the cooling
effect of shading by surrounding trees—could not have been clearly demonstrated. A factor
that has not been investigated in detail is the effect of the near-surface moisture content. It
can be assumed that the heating of the vegetation near the ground or the upper soil layer
is influenced by an interplay of improved heat conduction but simultaneous evaporation
or latent heat fluxes at moist sites versus dry sites [22]—but this was not investigated in
detail. By choosing different media (grass, moss, beech leaves), differences in heating
between the media could be illustrated, but these can only be sufficiently validated by
more detailed surveys.

4.2. The Interplay of Direct Sunlight, Canopy Cover and Ground Vegetation

Results indicate that beam radiation was the main driver of large temperature increases
(and decreases during tree shading) in the forest during the day, especially for near-
surface and somewhat less for air temperature at 50 cm height, but only marginal for soil
temperatures in 5 cm depth. Near-surface temperatures could reach higher maximum
values than air temperatures within the forest when exposed to beam radiation even for a
short time; at night, thermal conditions equaled the soil conditions.

Consistent with previous described solar radiation observations, thermal variability
on the forest floor was most pronounced on clear days, in the middle of the day when the
sun was highest (10 a.m. to 4 p.m.) and in warm and dry summer months, respectively [57].
On a clear day, differences in near-surface temperature of up to 20 K were detected between
heavily shaded areas (forest) and open areas (clearing) for both systems (S1/2). These
values are well above the maximum differences previously recorded between air-only
temperature measurements (e.g., 2 m, 2.7 K [9]) or soil measurements (e.g., —5 cm, 5.9 K [9])
in the forest and open-land sites.

Near-surface temperature followed a systematic diurnal pattern, as a consequence of
the interplay of canopy shading and direct beam radiation during the day. Time of peaks
and extent was dependent on month (solar angle), weather (cloudiness) and of course
vegetation characteristics and gap size influencing ground shading during the day—in line
with previous studies on factors influencing forest microclimate. Thus, the sites differed
markedly in times (between 10 a.m. to 4 p.m.) and extent of peak temperatures during the
day. Such large differences were not necessarily observed; e.g., near-surface recordings at
harvested versus control sites showed only temporally limited temperature differences
(afternoon) with maximum differences of only 3.9 K [55]. As expected, due to the lower or
missing irradiation, thermal variability and maxima values were considerably lower on
cloudy days and at night, which was also described in former studies [30,56,58]

It was striking that not the “open-land” site on a meadow recorded the highest
temperatures (even when only looking at S1-type loggers), but sites experiencing only
a few hours of beam radiation. One difference was the medium in which the loggers
were embedded. Grass (or the air cushion underneath it, respectively) seems to be a better
insulator than directly exposed moss. The results indicate that moss provides comparatively
cool conditions in places without direct sunlight, but heats up rapidly when exposed to
beam radiation (ML-10/52: around 13 °C). Extremely high temperatures (13:00 = 54.8 °C,
15:00 = 51.4 °C) were recorded on a clear day in July by ML-9, an external-logger system
(S2) placed within moss at the “small clearing” near the medium station. Since the sensor
was not bound to the casing, artificial overheating was very unlikely, these temperature
extremes thus seem to have actually occurred. These results support existing knowledge
that plants influence the microclimate of their immediate environment in a species-specific
manner and can be largely decoupled from air temperatures [5,29].

The moss at ML-9 experienced more irradiation than the other moss-bound loggers
(ML-2, ML-10) and the moss was occasionally dry during the summer. One possible
explanation for the extreme temperatures is the absence of latent heat fluxes and the poor
thermal conductivity of the medium, so that the absorbed radiation was largely converted
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into heat. Such effects occur, for example, in the insulation of houses, which, due to their
poor thermal conductivity, reduce the heating of the building behind them, but reach high
temperatures at the radiation conversion surface [38]. Thus, a plant seed located close to
the moss surface (more mobile species may retreat to cooler microhabitats) is temporarily
exposed to extremely high temperatures, which could adversely affect germination. Tree
seedlings are much more sensitive and their survival depends strongly on the ground-near
microclimate [23]; however, possible effects depend on the specific physiology of the plant
and are therefore to be interpreted species-specifically [15,59].

At Medium Station, high radiation (600-800 W/ m?) occurred only from 11 a.m. to
2 p.m. during the entire study period; the energy input of diffuse radiation before and after
that was < 100 W/m?, even in midsummer. Results are comparable to measurements on
solar radiation input conducted in an 70-yr old Douglas-fir forest [60]. It is likely that the
large conifers surrounding the clearing blocked the solar radiation (diffuse and direct) until
the sun reached near its highest point. The latter is supported by studies of Hutchison and
Matt (1977), who showed that in summer in dense, understory-rich forests only a small
fraction of diffuse but also beam radiation reaches the ground, but that the variability and
maximum values of solar radiation are greatest around midday due to unimpeded beam
radiation [40].

In combination with temperature recordings, results from MS clearly showed the
effect of unimpeded beam radiation on the resulting temperature rise on the forest floor
(near-surface > Ta >> Ts). Of course, solar radiation is expected to be the main driver for
thermal differences on clear days and the ability of trees or, in urban areas, anthropogenic
infrastructure to block or impede incoming radiation is mandatory for creating cooler spots
on the ground [2].

The influence of the weather on the thermal variability of the microsites became
evident due to the particular weather conditions in the summer of 2014. The mean diurnal
variation of temperatures in June (sunny, warm and dry) showed a distinct difference in
the mean thermal situation (5-10 °C) between the spots during the day, while in August
the thermal situation (often cloudy, unusually cool and rainy) varied much more weakly,
also considerably lower maximum temperatures were obtained in August compared to
June (compare Figure 7). The results are in agreement with, e.g., model results from Central
Sweden, where solar radiation was found to significantly increase maximum temperatures
only in months with many clear days, not in months with high cloud cover [19].

4.3. The Thermal Range of Conditions at the Forest Floor

The measurements taken to identify thermal differences on the forest floor revealed
a broad range of thermal conditions and complex interactions of seasonal, weather and
vegetation aspects.

Looking only at the near-surface conditions, the heavily shaded areas in the forest
were considerably cooler on average and with respect to maximum values than the forest
clearings or the open-land site. The largest differences existed in maximum values, but
were also evident in the monthly means. In warm and sunny months (Jun, Jul), differences
between the highly shaded and warmest sites were about 3 K (ATmax: 4.5°) and about 30 K
in the maximum. The highest surface temperature was recorded on a clear summer day at
the “small clearing” under moss: 54.8 °C.

Thus, results of the present study show that the well-known buffering effect of forests
no longer applies to the forest floor as soon as beam radiation is included. Once radiation
passes directly through the canopy and reaches the forest floor unimpeded, the temperature
increased sharply, which also depends on the thermal properties of the ground cover
(reflection vs. absorption and resulting sensible heat flows) and the moisture content
(latent heat flows) [6,21]. Direct radiation is inhibited by abundant understory, but is
more intense in woodlands without any understory. In a dense spruce stand without
ground-near vegetation, an unexpectedly high temperature increase occurred between
two measurements occasions (13 °C, ML-10)—while branches of a large conifer reaching
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near the ground buffered radiation much better (5 °C, ML-2). This difference between
the spots, however, may be partly due to the different sensor type. Conclusively, future
studies should more precisely examine the effect of the proximity of foliaged branches on
ground temperature and moisture development to more accurately assess the suitability of
particular forest structures for providing cooler microrefugia.

The Medium Station in the forest allowed comparisons between the media. At night,
the near-surface temperature was comparable to the soil conditions (—5 cm). Under diffuse
radiation at day, the course of the near-surface temperature ranged between soil and air
conditions (both in terms of time and value). Beam solar radiation exerted a direct and
strong influence on near-surface temperatures and, to a lesser extent, air temperature
(50 cm). Additional moisture measures indicated that the magnitude of warming increased
as moisture content (soil moisture and relative humidity) decreased. However, previous
findings indicate that moisture can have opposite effects depending on canopy cover [61],
so that the results from the MS station are not discussed in further detail. Maximum temper-
atures measured at a harvested lot in Massachusetts (MAS) and at the Medium Station (MS)
on July 18 were very similar [55]. Soil values were lowest (MAS/MS: 27.6 °C/20.52 °C), fol-
lowed by air temperature (MAS/MS: 36.6 °C/34.8 °C), and warmest was the near-surface
spot (MAS/MS: 42.5 °C/41.2 °C). The comparatively large difference between the ground
temperatures could be due to the long shading in MS (beam sun duration max 4 hr/day at
MS), compared to the harvested lot of MAS.

Data from the nearby official weather station (DWD) were compared with forest data
measured in the air (50 cm), the soil (—5 cm) and within the organic layer on top of the soil
surface (ML, 2-3 cm). Of all measurement spots, soil temperatures differed the most on
average inside and outside the forest. At the DWD station, soil temperatures reached higher
averages and distinctively higher maximum values than air temperature measured at 2 m
height. The latter is consistent with findings from a study comparing soil temperatures
in a forest before (cooler) and after (warmer) thinning [54]. The cooling effect of canopy
shading resulted in comparably cool conditions in the forest soil and also at the surface
(ML), but only at highly shaded sites. Under beam radiation, the surface temperature
reached considerably higher temperatures than would be expected from data of the nearby
official weather station.

Looking at the accumulated temperature, the nearby DWD station was comparable to
the thermal situation at the clearances (“wide” and “small”) in the forest, i.e., moderate
to warm aspects of the within-site range. The warmest Micro-Loggers inside the forest
(external sensor system) were comparable with a DWD station located 300 m lower. The
near-surface conditions at the open-land (the standard situation of a DWD station) were
comparable to DWD stations located about 450 m lower. Due to a lack of comparable DWD
stations for the coolest sites, no comparisons to higher elevated DWD stations were possible.
Nevertheless, these results suggest that the within-site thermal variation could be even
larger than previously described [17]. Based on three surface loggers, Graae et al. (2012)
described a thermal within-site variation comparable to a 300 m change in altitude—a
temperature difference that was determined in this study by considering only the warmest
location compared to local DWD station without considering the coldest sites.

4.4. Accounting for Methodological Aspects

The temporal averaging of the data reduces existing differences severely. In average
over the entire measurement period (Apr-Sep 2014), the intradifferences of the near-surface
spots were at maximum 2.8 K (11.4-14.2 °C) and very close to the official weather station
DWD (12.4 vs. 12.5 °C, respectively). Air temperatures in the forest (Ta, 50 cm) were
only slightly cooler than DWD (MS/SS: 12.2/11.6). Equally low Ta differences between
comparison sites (cut vs. uncut) were found in a mixed forest in Massachusetts over 12 years
(typically < 1 K), where soil and near-surface values differed more (cut vs. uncut) compared
to air temperature [55]. This fits with our observations. At MS, the near-surface and soil
temperatures were slightly warmer on average (Apr to Sep) than the air temperature of
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the site (Tli: 12.8 °C, Ts: 12.4, Ta:12.2 °C), with the night hours being the main factor for
the comparatively high soil average. The minimum temperatures were close to each other
(Amax = 5 K), while the maximum values differed significantly from ground to air to near
surface (max = 20.4 °C/34.8 °C/42.5 °C; Amax = 22.1 K). The latter is consistent with
findings from comparisons of cut versus uncut sites, where recorded differences were
largest in maximum values [62].

In general, forests are expected to provide moderate conditions in terms of tem-
perature, humidity, and wind compared to open land, which is mainly attributed to the
protective effect of the canopy [2,35-37,61]. Accordingly, air temperature is cooler and more
balanced (lower max, higher min) in the forest than in the open [30,31,36,54], especially in
dense stands where the main radiative turnover takes place at the canopy. The latter could
be confirmed for the air temperatures measured within the forest (MS/SS) compared to the
DWD station (2 m) outside on average, but not with regard to the maximum values.

As described above, research also addresses the question to what extent the within-site
thermal variability in forests may already exceed the expected warming due to climate
change. In the long term or averaged over larger areas, modeling results implicated that the
microrefugia provided by forests at present exceed other aspects leading to the conclusions
that forests can buffer the expected changes due to climate change to a certain extent [17,49].
However, it has to be considered additionally, that averaged observations (e.g., 2 °C global
warming) do not reflect local extremes—neither in the mean nor in the maximum [63,64]
and that long dry phases can intensify the temperature extremes on the forest floor by
lacking evaporative cooling [39].

However, with respect to cool, heavily shaded sites—which are considered refuges for
heat-sensitive species—the data from our study clearly showed the importance of closed
tree canopies and/or dense undergrowth in reducing radiation exposure to the soil surface
and lowest organic layer, respectively. Therefore, natural and anthropogenic disturbances
(e.g., forest management) that reduce canopy cover are to be critically evaluated regarding
the ability of the forest to modulate the local microclimate. In addition, the buffering effect
in this study can be attributed solely to effects of canopy, since the study area was widely
flat. In areas where effects of topography are added, even stronger local thermal variations
are to be expected [14].

The studied region in SW Germany was characterized by warm, rainy summers with
rare periods of intense heat and drought during the last century. In the last decade, years
with unusually hot and dry summers occurred more frequently, breaking temperature
records of the last 100 years. Climate change models predict that summer heat and long dry
spells will replace the previous normal [65]. Combined with the findings of the presented
study, this suggests that thermal conditions on the forest floor will differentiate more
significantly in future than has been the case in the past. Since thermal conditions on
the forest floor are a major determinant for many organisms [13,20,23], including plant
pests and disease vectors [22,66,67], corresponding changes in species composition and
abundances are to be expected.

5. Conclusions

The conclusions refer mainly to the radiation absorbing medium near the ground (i.e.,
moss or grass), not solely to factors normally considered such as air and soil temperatures.
The results indicate that beam radiation and the associated heating can cause temperatures
above 50 °C near the forest surface, depending on the medium in which the logger was
embedded. Such high temperatures raise the question of how ground-based organisms and
tree seedlings cope, especially in the future, when summer drought further increases the
conversion of radiant energy into heat (rather than evaporation). Only the soil temperatures
in the forest (and shaded spots) were constantly and considerably cooler than in the field,
while near-surface temperatures varied strongly between shaded and open spots. Thus,
data from official weather stations may represent average conditions in the forest, but
considerably lack maximum and minimum aspects. Since the study area was widely flat,
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even higher thermal variations are expected under more complex topographic conditions.
Furthermore, the results show the importance of old and dense stands for maintaining
cool microrefugia, which is particularly important with regard to future extreme weather
events and forest management practices. In addition, results demonstrate the need for
microclimatic measurements that reflect conditions in specific microhabitats in a more
differentiated way to allow for better understanding and prediction.
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the coefficient of determination (R?), the upper triangle the scatterplots and linear regression fit lines (red) and the diagonal
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Figure A3. Spearman correlation matrix of hourly temperature averages (MS, SS, DWD) and single records (ML), re-
spectively, including the surface-near measurements of the Micro-Logger (ML1 to ML10) and Medium Station (T1), air
temperature (Ta) of the Medium and Small Stations at “small clearing” and the official weather station (DWD) as well as
soil temperature (Ts) in 5 cm depth. The lower triangle shows the coefficient of determination (R?), the upper triangle the
scatterplots and linear regression fit lines (red) and the diagonal the histograms.
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