N

N

The urban heat island accelerates litter decomposition
through microclimatic warming in temperate urban
forests
Karen de Pauw, Leen Depauw, Sara Cousins, Emiel de Lombaerde, Martin
Diekmann, David Frey, Katarzyna Kwietniowska, Jonathan Lenoir, Camille

Meeussen, Anna Orczewska, et al.

» To cite this version:

Karen de Pauw, Leen Depauw, Sara Cousins, Emiel de Lombaerde, Martin Diekmann, et al.. The
urban heat island accelerates litter decomposition through microclimatic warming in temperate urban
forests. Urban Ecosystems, 2024, 27 (3), pp.909-926. 10.1007/s11252-023-01486-x . hal-04456490

HAL Id: hal-04456490
https://hal.science/hal-04456490v1
Submitted on 31 Oct 2024

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-04456490v1
https://hal.archives-ouvertes.fr

O o0 0 O

10

12
13
14
15
16
17
18
19

20
21

22

23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38

39

The urban heat island accelerates litter decomposition through microclimatic

warming in temperate urban forests

Karen De Pauw!, Leen Depauw!, Sara A.O. Cousins?, Emiel De Lombaerde!, Martin Diekmann3, David Frey?,

Katarzyna Kwietniowska’, Jonathan Lenoir¢, Camille Meeussen!, Anna Orczewska’, Jan Plue$, Fabien Spicher®,

Thomas Vanneste!, Florian Zellweger*, Kris Verheyen!, Pieter Vangansbeke! and Pieter De Frenne!

7.

Forest & Nature Lab, Department of Environment, Faculty of Bioscience Engineering, Ghent
University, Geraardsbergsesteenweg 267, 9090 Melle-Gontrode, Belgium

Landscapes, Environment and Geomatics, Department of Physical Geography, Stockholm University,
Svante Arrhenius vig 8, 106 91 Stockholm, Sweden

Vegetation Ecology and Conservation Biology, Institute of Ecology, FB2, University of Bremen,
Bremen, Germany

Swiss Federal Research Institute for Forest, Snow and Landscape Research WSL, 8903 Birmensdorf,
Switzetrland

ul. Wincentego Kadtubka 6¢/12, 44-270 Rybnik

UMR CNRS 7058 “Ecologie et Dynamique des Systemes Anthropisés” (EDYSAN), Universiteé¢ de
Picardie Jules Verne, 1 rue des Louvels, Amiens Cedex, 80037, Francelnstitute of Biology,
Biotechnology and Environmental Protection, Faculty of Natural Sciences, University of Silesia,
Katowice, Poland

IVL, Swedish Environmental Institute, Valhallavigen 81, 114 28 Stockholm, Sweden

Contact information:
Karen.depauw(@ugent.be; +32 470 04 46 97

Karen De Pauw https://orcid.oreg/0000-0001-8369-2679
Leen Depauw https://orcid.org/0000-0001-5703-6811

Sara A.O. Cousins https://orcid.org/0000-0003-2656-2645
Emiel De Lombaerde https://otcid.org/0000-0002-0050-2735
Martin Diekmann https://orcid.org/0000-0001-8482-0679
David Frey https://otcid.org/0000-0002-4603-0438
Jonathan Lenoir https://otcid.org/0000-0003-0638-9582
Camille Meeussen https://orcid.org/0000-0002-5869-4936
Anna Orczewska https://orcid.org/0000-0002-7924-9794
Jan Plue https://orcid.org/0000-0002-6999-669X

Fabien Spicher https://orcid.org/0000-0002-9999-955X
Thomas Vanneste https://orcid.org/0000-0001-5296-917X
Florian Zellweger https://otcid.org/0000-0003-1265-9147
Kris Verheyen https://otcid.org/0000-0002-2067-9108
Pieter Vangansbeke https://orcid.org/0000-0002-6356-2858
Pieter De Frenne https://orcid.org/0000-0002-8613-0943



mailto:Karen.depauw@ugent.be
https://orcid.org/0000-0001-8369-2679

40
41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63
64

65

66

67

Abstract

Forests worldwide are experiencing high levels of fragmentation, with especially important consequences for
ecosystems bordering urbanized areas. Urban forests experience local warming due to the urban heat island
associated with built-up area which affects their biodiversity and ecosystem functioning. One of the key ecosystem
functions affecting carbon and nutrient cycling in forests is litter decomposition, a process driven by the local
microclimate (temperature and soil moisture). Our aim is to clarify the impact of the urban heat island on litter
decomposition in urban forests.

We studied soil microclimate and litter decomposition in six urban forests across Europe and along local gradients
from the urban forest edge to the forest interior. We expected to find edge effects altering the soil microclimate.
To unequivocally quantify decomposition independent from local forest composition and litter quality, we used
standardized green tea and rooibos tea litterbags. We then assessed the effects of built-up area and forest area in
the surroundings on the soil microclimate for different spatial scales. Secondly, we determined the role of the soil
microclimate and other environmental drivers for litter decomposition.

Soil characteristics were only driving green tea and not rooibos tea decomposition. On the contrary, soil
temperature was an important driver of decomposition for both tea types. Higher soil temperatures resulted in
faster rates of litter decomposition and were related to the proximity to the forest edge, but even more strongly to
the proportion of built-up area in the landscape.

Via structural equation modelling we detected cascading effects of the urban heat island on litter decomposition.
Such changes in litter decomposition due to urban heat have the potential to alter the soil food web, nutrient
cycling and carbon drawdown in urban forests, and could result in significant interactions between urbanisation

and ongoing climate change.
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Introduction

Worldwide, the area covered by natural and rural areas is decreasing at the expense of urban settlements. This
process of land-use change is driven by urbanisation, the increasing proportion of humans living in cities, towns
and agglomerations (UN 2019). Currently already 55% of humans live in cities and this is expected to further
increase to 68% by 2050 (UN 2019). Urban land use shapes the environment and impacts organisms in many
different ways, for instance, through air pollution, noise, light pollution and high amounts of impervious surfaces
(Baklanov et al. 2016, Miller and Hutchins 2017, van den Bosch and Ode Sang 2017, Aulsebrook et al. 2018, Jerem
and Mathews 2021). Furthermore, high proportions of imperviousness and a lack of vegetation contribute to the
Utrban Heat Island (UHI), which is defined as higher air temperatures in a city than in its surrounding countryside
(Oke 1982). Temperatures increase within urban areas due to several mechanisms, such as heat storage in buildings

and pavements and reduced transpiration due to lack of vegetation (Oke 2002, Kleerekoper et al. 2012).

Urban forests can lower urban air and soil temperatures through shading and evapotranspiration (Rakoto et al.
2021, Wang et al. 2021b). Urban forests generally refer to all forest and tree resources in (and close to) urban areas
(Konijnendijk 2003). They are increasingly brought forward as a nature-based solution for urban heat (van den
Bosch and Ode Sang 2017, Ziter et al. 2019, Wang et al. 2021b), which can be of vital importance for citizens given
the higher mortality risks associated with heat stress (Smoyer et al. 2000, Wolff et al. 2021). Urban forests provide
many more ecosystem services, such as reducing the effect of air pollution which lowers the prevalence of
respiratory diseases (Nowak et al. 2006, Nowak et al. 2018), or the attenuation of traffic noise (Dzhambov and
Dimitrova 2014, Ow and Ghosh 2017). Urban forests also provide recreational space for citizens which stimulates
physical exercise (Tesler et al. 2018, Remme et al. 2021), lowers stress levels and contributes to people’s well-being
(Tyrviinen et al. 2014, Carrus et al. 2015, Aerts et al. 2022). Urban forests can have a high intrinsic biodiversity

value and provide valuable habitat for fauna and flora (Enedino et al. 2018, Rega-Brodsky et al. 2022).

However, the urban environment puts pressure on urban forests and the many ecosystem services they provide
(Referowska-Chodak 2019). For example, the UHI exacerbates drought stress and pest susceptibility of urban trees
(Meineke et al. 2013, Dale and Frank 2017, Zipper et al. 2017). The UHI effect may also foster spreading of alien
plant species through garden escapes and by serving as a stepping stone, increasing the risk posed by invasive alien
species (Kowarik 2011, Aronson et al. 2016, Géron et al. 2021). Furthermore, temperature has a strong effect on
many natural processes in nutrient and carbon cycling, such as primary productivity and soil organic matter

decomposition or accumulation (Conant et al. 2011, Wu et al. 2011, Zhang et al. 2020). Therefore, it could be

4
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expected that urban heat affects urban forest functioning. Litter decomposition, for example, is an essential
component of an ecosystem’s carbon and nutrient cycles (Cotteaux et al. 1995). Dead organic matter is broken
down by decomposers, using the energy and matter to grow and making nutrients available again for uptake by
plants (Swift et al. 1979, Handa et al. 2014). Temperature and moisture are key determinants of litter decomposition
rates, in addition to the quality of litter and the decomposer community (Cotteaux et al. 1995, Aerts 1997, Tresch
et al. 2019). Generally, decomposition rates increase with rising temperatures and with higher moisture availability
given their positive effects on microbial activity (Kirschbaum 1995, Zhang et al. 2008), which has already been
included in (global) carbon cycling models (Coleman and Jenkinson 1996, Bonan et al. 2013). However, the
response of the microbial community to variation in climate depends strongly on the factors limiting microbial
activity (Kirschbaum 1995, Berg and McClaugherty 2008). For example, if soil moisture falls below a certain
threshold, it limits microbial activity and increases in soil moisture will then increase decomposition rates, whereas
in wet environments higher soil moisture will not necessarily result in accelerated litter decomposition (Prescott

2010).

Previous studies have reported higher soil or forest floor temperatures in urban vs. rural forests due to the UHI
effect (Pouyat et al. 1997, Enloe et al. 2015). Given the importance of temperature for litter decomposition, it
could be expected that the UHI effect accelerates decomposition in urban forests. Several studies found higher
decomposition rates in urban vs rural green areas and attributed this to the UHI (Pouyat et al. 1997, Pouyat and
Carreiro 2003, Tresch et al. 2019), its positive association with microbial activity (Tresch et al. 2019), and
breakdown by (exotic) earthworms (Pouyat et al. 1997, Pouyat and Carreiro 2003). However, most of these studies
had not quantified soil temperatures in the field (Pouyat et al. 1997, Pouyat and Carreiro 2003, Tresch et al. 2019)
or found no significant difference in soil temperature (Melliger et al. 2017). Other studies found no conclusive or
even contrasting results when studying litter decomposition along rural-to-urban gradients and attributed these to
drought effects, changes in microbial communities or heavy metal pollution (Pavao-Zuckerman and Coleman
2005, Enloe et al. 2015, Meyer et al. 2020, Fung et al. 2022). Additionally, one study in Singapore found faster litter
decomposition rates of teabags in soils of urban forests vs. beneath urban trees and related this to lower
invertebrate (termite) activity and a tendency for lower infiltration capacities in the soil beneath urban trees vs. in
the urban forest (Fung et al. 2022) Up till now, there is no conclusive answer on the role of the UHI in driving

litter decomposition rates in urban forests.
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Edge effects can be assumed to be substantial in urban forests given the exceptionally strong abiotic and biotic
contrasts between forest and matrix (Hamberg et al. 2009). In general, temperate forest edges are characterised by
higher temperatures and temperature variability (Chen et al. 1999, Meeussen et al. 2021a) and lower soil and litter
moisture content (Matlack 1993, Gehlhausen et al. 2000). Additionally, soil pH differs between forest edges and
interiors (Honnay et al. 2002, Wuyts et al. 2013) and temperate forest edges have higher nutrient and carbon stocks
compared to forest interiors (Remy et al. 2016, Meeussen et al. 2021b). Furthermore, microbial communities can
differ between forest edges and interiors (KKageyama et al. 2008, Malmivaara-Limsi et al. 2008, Remy et al. 2018b),
as well as the abundance and activity of soil macro- and mesofauna (Riutta et al. 2016, De Smedst et al. 2019).
Generally, edge effects reach distances up to 50 m for abiotic and vegetation effects, and up to 100 m for
invertebrates (Ries et al. 2004). Many of these changes affect litter decomposition in different ways, resulting in
either faster or slower decomposition rates at forest edges depending on their interaction or which factor is most

important in the local environmental context(Malmivaara-Lamsa et al. 2008, Riutta et al. 2012, Remy et al. 2018a).

Here we assess how urbanization affects the soil microclimate and litter decomposition in six large urban forests
across Europe and along local gradients from the urban edge to the forest interior. In doing so, we specifically aim
to quantify the effect of urbanisation on the soil microclimate in the forest understory and how this potentially
cascades to affect litter decomposition rates of reference litter types. We hypothesize that: (1) the understory soil
microclimate is affected by the UHI, increasing mean soil temperatures values towards the urban forest edge and

(2) that these increased soil temperatures accelerate litter decomposition.
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Materials & methods

Study regions and design

We studied six urban forests close to large European cities, along a 1,400-km long macroclimatic gradient from
Stockholm (Sweden) in the north, to Zurich (Switzetland) in the south (Figure 1). These urban forests differ
strongly in temperature (monthly average minima of coldest month between -4.9 and 1°C, monthly average
maxima of warmest month between 22.4 and 25°C), but also in mean annual precipitation (from 561 mm in
Stockholm up to 1,107 mm in Zurich; precipitation and temperatures ate 30-year averages from Terraclimate 1981—
2010, resolution of ~4 km (Abatzoglou et al. 2018); Table 1). The UHI effect of these six studied European cities is
particulatly pronounced, with urban-to-rural land surface temperatures differences of summer daytime maxima
from +1.7 to +2.7 °C (CIESIN 2016). We searched for large, deciduous forests close to these cities, dominated by
pedunculate oak (Quercus robur) to ensure a minimum of comparability between our selected urban forests.
Pedunculate oak is one of the most dominant tree species of temperate deciduous forests in Europe (Barbati et al.
2014), with high ecological and economic importance. Indeed, pedunculate oaks support a high number of
associated species, resulting in rich woodland biodiversity (Eaton et al. 2016, Mélder et al. 2019), and provide high
economical value (Mélder et al. 2019, S$6hretoglu and Renda 2020). More environmental variables of the urban

forests are given in Table 1.
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Urban forest interior .
Tree with temperature
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measurements

Understorey veg. survey
Three points where teabags

are buried. Each point:
1 rooibos + 1 green teabag

Densiometer points

Urban forest edge

Fig. 1 Design of the experimental setup, with an example map from Brussels. (a) Six urban forests were studied
across Europe (background map from GoogleMaps 2022). (b) Each urban forest had twelve plots situated in six pairs
across a transect from the forest edge closest to the city (1) towards the forest core (6). The map shows the plot locations
for Sonian forest, an urban forest in Brussels, Belgium (background land cover map from European Space Agency
WotldCover (Zanaga et al. 2021)). (c) The three first plot pairs were located at approximately fixed distances from the
forest edge: on average 5.7, 21.2, 53 m and the next three were placed at set intervals. (d) Within each plot pair, we
contrasted one plot with a more complex forest structure vs. one plot with a rather simple forest structure. (¢) Overview

of plot and sampling points. Figures ¢ and d created with Biorender.com.
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Table 1. Environmental variables for each forest and number of useable teabags given per region. Minimum

174 and maximum temperature of coldest and warmest month, respectively, mean annual precipitation (Terraclimate 1981—
175 2010, resolution of ~4 km (Abatzoglou et al. 2018)), and the precipitation recorded duting the decomposition periods
176 for each of the sites based on daily data from the Global Historical Climatology Network (NCEI 2021) (closest weather
177 stations available in the dataset were Stockholm, Bremen, Uccle, Balice, le Boutget and Zurich). Additionally, latitude,
178  longitude, dominant tree species in study plots, soil texture (SoilGrids, resolution 250 m (Hengl et al. 2017) and texture
179 calculated with USDA texture triangle), size of the utban forest (detived from the European Local Climate Zone map
180  produced by Demuzere et al (2019)), distance between urban forest edge and interior plots (for simple and complex
181 structured plots respectively) and size of the city population are listed (citypopulation.de , Eurostat 2021). Also an
182 estimation of the land surface urban heat island is given per city based on the global UHI dataset from the Center for
183  International Earth Science Information Network (difference in average summer daytime maximum land surface
184  temperature between the urban area and buffer area) (CIESIN 2016). The number of usable teabags is given per region
185  and as the percentage of the incubated amount. Several teabags were not usable due to loss in the field or severely
186  ruptured mesh.
Lill-]ansskogen Biirgerpartk Sonzan Forest Lasy Forér Hinggerberg  Total
(Stockholm, Sweden) (Bremsen, (Brussels, Murckowstkie domaniale de (Zurich,
Germany) Belginm) (Katowice, Montmorency — Switzerland)
Poland) (Paris, France)
Latitude (°) 59.3 53.1 50.8 50.2 49.0 47.4
Longitude (°) 18.1 8.8 4.4 19.0 23 8.5
Elevation (m above sea
37 10 115 310 177 520
Jevel)
Mean daily min
temperature coldest month -4.5 -0.8 0.4 -4.9 1.0 -1.7
(°0)
Mean daily max
temperature warnest 22.4 23.2 23.5 24.2 24.4 25
month (°C)
Mean annual precipitation
561 698.5 850 726 662 1107
(mm)
Precipitation during teabag
138.4 152.7 227.1 190.2 133.6 189.5
decomposition period (mm)
Dominant tree species Quercus robur, Quercus robur, — Quercus robur,
Quercus robur, — Quercus robur, Qunercus
Frascinus excelsior, Qunercus rubra, Castanea
Fagus sylvatica  Fagus sylyatica robur
Acer platanoides Fagus sylvatica sativa
Soil texcture sand-silt-clay 430-320-250 530-310-160  120-690-190  250-530-220  170-610-220  380-360-
&/ kg (loam) (sandy loam)  (silt loam) (silt loam) (siltloam) 260 (loam)
Size urban forest (ha) 132 170 6139 8093 2686 360
Distance edge — interior
650/620 2450/2450 3150/3260 290/690 2350/2350 440/515
Pplots (m)
City population size (nr
950,000 570,000 1,200,000 209,000 2,100,000 410,000
inbabitants)




Urban heat island (°C) 2.5 1.7 2.1 2.1 2.6 2.4

Nr of nsable teabags 48 48 59 60 32 57 304
Green tea 25 24 32 29 14 28 152
Raooibos tea 23 24 27 31 18 29 152

Usable teabags (%) 67 67 82 83 44 79 70

187

188  In each of the six urban forests, we established twelve circular plots (9-m radius around a central tree) along a
189  transect from the urban forest edge (defined as the hypothetical line of tree stems at the edge closest to the urban
190 area) into the core of the urban forest. These transects were 290 m to 3 km long and covered the generally
191  acknowledged distance of edge effects (up to 100 m) and extended even further given the larger spatial scale of
192 UHI effects, e.g. >50 m up to several km (Luo and Li (2014), Estoque et al. (2017), Ziter et al. (2019). In each
193 transect, plots were established in six pairs. The first, second and third plot pair were located at approximately
194 tixed distances of on average 5.7, 21.2 and 53 m from the forest edge. The sixth pair was located in the forest core,
195  while the fourth and fifth plot pair at intermediate distances (Figure 1). Within each plot pair, one plot had a
196 complex forest structure (i.e. high canopy cover; median tree and shrub cover being 88.5% and 37.5%, respectively;
197  with multiple tree layers) and the other had a simpler forest structure (i.e. more open canopy; median tree and
198  shrub cover being 70% and 15%, respectively; with one tree layer). These differences in forest structure between
199 paired plots originated from management actions in the past, natural disturbances or different land-use histories,
200 and were not created by us but carefully looked for during preparatory field visits. The contrast in stand structure
201 allowed us to study differences in forest microclimate (Zellweger et al. 2019, Meeussen et al. 2021a) within each of
202 the six pairs. The distance between paired plots depended strongly on the region, but was on average 441 m (range

203 21-1772 m).

204  To assess the impact of land cover on the soil microclimate and litter decomposition rates, we used the ESA
205  WotldCover map (10 m resolution, eleven land-use classes) (Zanaga et al. 2021). We calculated the fraction of land
206 area classified as built-up area or forest area around each plot in buffer circles with increasing radii (50, 100, 200,
207 400, 800, 1600 and 3200 m) as different types of land use can indeed affect microclimates at different spatial scales
208  (Ziter et al. 2019). Built-up area is defined as land covered by buildings (both residential and industrial), roads,
209  other man-made structures impermeable to water; forest cover is defined as any area dominated by trees with a

210 cover of 10% or more (Product User Manual ESA WorldCover map).

10
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The differences in forest structure in the study setup were expected to strongly affect the forest and soil
microclimate (Zellweger et al. 2019, Meeussen et al. 2021a). To take this into account, we determined the
percentage canopy cover with a convex spherical densiometer (Baudry et al. 2014). Canopy cover was calculated
as the average of four densiometer readings in every plot, one in each cardinal direction at a distance of 4.5 m from

the central tree (Figure 1).

Teabags as proxy for litter decomposition

To estimate litter decomposition rates with a substrate of standardized litter quality, we used standard Lipton
teabags with green and rooibos tea. Green tea is easily decomposable (comparable with high quality litter from, for
example Sambucus nigra), whereas rooibos tea contains more lignin and has a higher C:N ratio, which makes its
decomposition slower (comparable with low quality litter, such as from Quercus robur; (Keuskamp et al. 2013). The
bags have a mesh size of 0.25 mm allowing both microorganisms (bacteria and fungi) and mesofauna (e.g.

springtails) to access the tea, but not macrofauna (e.g. earthworms; (Keuskamp et al. 2013)).

Within each plot, we buried three pairs of green and rooibos teabags in the topsoil (approximately 8 cm depth) at
3 m from the central tree during August or September 2020 (Figure 1). The teabags were in the soil for
approximately 90 days (Table S1), after which they were dug up and dried at 70 °C for 48 h. Ingrown roots were
carefully removed before weighing the remaining tea material (to 0.1 mg, Tea masscnd), combusting at 550 °C for
4 - 6 h and re-weighing the left-over mineral ash content (Ash massenq). We also determined the weight of empty
bags and the ash content of five non-incubated teabags for both tea types (Ash masssut ref, Bag masssar ref) and
weighted all teabags (Teabag masssar) before incubation to calculate initial ash-free dry mass. Finally, the litter
decomposition rate was estimated as percentage dry mass of ash-free content lost during incubation (equation 1).
We initially buried 432 teabags (216 green and 216 rooibos; 12 plots * 6 cities * 3 teabags * 2 tea types), from which
304 were retrieved and usable. Others were lost in the field (e.g. due to wild boar), ripped open by ingrowing roots
or mice or fully overgrown by fungi (Table 1). We used the ash-free mass loss (equation 1) as a proxy for litter

decomposition rates.

Tea masSeng — ASh massSeng

Ash-free mass loss % = 1 — equation 1

Teabag massstqrt — ASh Massseart ref— Bag massseart ref

11
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Environmental drivers

To explain variation in litter decomposition rates, we assessed three important sets of drivers: (1) the soil
microclimate (soil temperature); (2) the chemical soil properties (pH, C content, C:N ratio and soil nutrient regime);
and (3) the litter quality of the tree and shrub layer in all forests. Additionally, given the known edge effect on soil
characteristics and microclimate (Remy et al. 2018b, Mecussen et al. 2021a), we derived the shortest distance to a

forest edge (not necessarily the urban forest edge) for each plot from Google Maps (Google n.d.).

Soil temperature was measured with microclimate soil loggers (Lascar EL-USB-1, range of -30 to +80 °C,
resolution of 0.5 °C) buried at a soil depth of ¢. 5 cm (after litter removal) near the north side of the central tree
and in a plastic tube for protection against moisture. We calculated the number of growing degree hours for ecach
plot with a threshold value of 0 °C (which is a general threshold for decomposition (Portillo-Estrada et al. 2016))
to obtain a cumulative measure of the temperature during incubation of the teabags, excluding freezing periods.
The equation of Lindsey and Newman (1956) was used based on daily maximum and minimum temperatures. In
17 plots (out of 72), soil loggers were dug up by wild boar or disturbed. For these plots, growing degree hours of
soil temperature were estimated based on a linear regression with the growing degree hours of air temperature
measured by a second logger attached to the tree trunk at a height of three metres (soil temp (gdh) = 7407.1743 +

0.7384 * air temp (gdh) with R?= 0.94, Figure S1, more details on methodology in appendix).

Soil moisture was measured gravimetrically at the start and end of the incubation period by taking a soil sample
of the topsoil (0—10 cm depth) and drying it to constant weight at 40 °C. We preferred gravimetric soil moisture
measurements as those are consistent across a range of soil types and textures, in comparison to electromagnetic
sensors, which needs multiple soil-specific calibrations (Vaz et al. 2013, Sui et al. 2019). Nevertheless, we deemed
two soil moisture measurements per site too few to realistically represent soil moisture conditions during the teabag

incubation period of three months. Soil moisture was therefore excluded from the analysis.

For chemical soil analyses, five subsamples were taken at a depth of 0—10 cm per plot and pooled together. The
samples were dried to constant weight at 40 °C and for at least 48 h, ground and sieved over a 2 mm mesh. Then,
they were analysed for pH-H;O by shaking a 1:5 ratio soil/H2O mixture for 5 min at 300 r.p.m. and measuring
with an Orion 920A pH meter with a Ross sure-flow 8172 BNWP pH electrode model (Thermo Scientific Orion,
USA). Carbon and nitrogen content were determined by sample combustion at 1150 °C and gas measurements by
a thermal conductivity detector in a CNS elemental analyzer (vario Macro Cube, Elementar, Germany).

To account for potential variation within urban forests in humus type (mor, moder, mull), we estimated the soil
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nutrient regime for each plot, which can be defined as a composite gradient of several chemical soil characteristics
broadly related to the humus type (Wilson et al. 2001). Rogister (1978) developed a method to assess soil nutrient
regimes based on vegetation indicator values. For this reason, vegetation surveys of the understorey were made in
early to mid-summer 2021 in a2 10 m by 10 m square centred around the central tree in the plot. For each species,
the percentage ground cover was visually estimated. We extracted Ellenberg indicator values for the species with
the “TR&’ package (Bocci 2015) from the Ecoflora database (Fitter and Peat 1994). When multiple values were
found, the most frequent value was used. For species which were missing indicator values, we first used Ellenberg
and Leuschner (2010) and secondly Hill et al. (1999) to fill gaps. We could not assign indicator values to all species
in our dataset; 13 species (on a total of 211) were only identified up to genus level (those species had an average
cover in plots of 5%). The community-mean abundance-weighted indicator value for acidity (mR, soil reaction)
was multiplied with the abundance-weighted indicator value for soil fertility (mN, soil nitrogen). This product, mR
x mN, proved a reliable estimate for humus quality (Rogister 1978) and has been used before as a proxy for general

nutrient availability (Godefroid et al. 2005, Bernhardt-Romermann et al. 2015).

Litter quality of the present litter layer was determined as the abundance-weighted mean of species-specific tree
and shrub litter quality scores (1-5; 1, low decomposability; 5, high decomposability; Table S2) weighted by the
percentage canopy cover of each species in the tree and shrub layer of the plot sezs# Verheyen et al. (2012), Maes

et al. (2019), Depauw et al. (2020).

Statistical analyses

All analyses were performed in R v.4.1.1 (R Development Core Team version 4.1.1 2020) and data made available
online (De Pauw 2022). First, we assessed the effect of gradients in built-up and forest land cover on the soil
microclimate (hypothesis 1; H1). Second, we analysed which environmental variables were driving litter
decomposition rates. Third, we studied cascading effects of the UHI effect on litter decomposition by using

structural equation models (SEM) (hypothesis 2; H2).

1. Urban heat island effects on the soil microclimate
We used linear mixed-effects models (LMMs) to infer the effect of the UHI on the soil microclimate. The soil
temperature was modelled as response variable with either the percentage of built-up area or forest cover
surrounding the plot as the predictor variable of interest (i.e. fixed effects). We added the local percentage canopy

cover as a covariate in the fixed effects (no interactions included) and the site ID (i.e. a factor variable with six
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levels, one per urban forest) as a random intercept term (grouping variable). This model was repeated for the

different scales at which land use was assessed to study the scale-dependency of land-use effects (equation 2).

soil temperature ~ land — use surrounding plot (% built — up area or % forest area)

+local canopy cover + (1|city) equation 2

2. Environmental drivers of litter decomposition

To assess the environmental drivers of litter decomposition, we modelled the percentage mass loss of green tea
(N =152) and rooibos tea (N = 152) as a function of soil temperature, soil chemical characteristics (pH, C content,
C:N ratio and humus quality) and litter quality. To reduce the dimensions of the soil chemical data, a principal
component (PC) analysis was performed. The first two axes comprised 59.3% and 23.7% of the variation in soil
characteristics (Figure S2). The first axis was strongly positively correlated with C:N ratio and C content and
negatively with pH and humus quality (Figure S2, Table S3). The second axis was positively related with all four
soil characteristics, but most strongly with C content and pH (Figure S2, Table S3). Given the high percentage of
variation explained by the first axis, we used only the first axis as representative predictor for soil chemical

characteristics in the statistical models (‘first PC axis soil’).

We ran LMMs with the plot ID nested in site ID as a random intercept term (i.e. a factor variable with 72 levels),
to account for the nested sampling design (i.e. three teabags or pseudo-replicates per plot) (equation 3). To avoid
multicollinearity issues among predictor variables, we calculated variance inflation factors (VIFs; #if function,
package ‘cars’). For all models, VIFs were smaller than 1.5 indicating no multicollinearity issues (Neter et al. 1990).
LMMs were fitted with the function /zer from the Ime4’ package (Bates et al. 2015), conditional and marginal R?
were determined with the ‘MuMIn’ package (Barton 2019). The marginal and conditional R? give the proportion
of mass loss variance explained by the fixed and fixed plus random effects, respectively (Nakagawa and Schielzeth

2013). All predictors were standardised to unit variance and mean zero.

Teabag mass loss ~ soil temperature + litter quality + 1st PC axis soil + (1|city/plot) equation 3

3. Urban heat island effects on litter decomposition

Finally, to assess cascading effects of the urban heat island on litter decomposition, we combined the models of
steps (1) (Urban heat island effects on the soil microclimate) and (2) (Environmental drivers of litter decomposition) into a

structural equation modelling (SEM) framework. As environmental variables were determined at plot level, we

14



321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

calculated the mean of replicate tea bag losses per plot to determine mass loss at the plot level (N = 66 green tea,
N = 68 rooibos tea). For both green and rooibos tea, this makes the ratio of samples over variables in the model
larger than 5 (9.4 and 13.6 for green and rooibos tea, respectively) which indicates an acceptable sample size (Grace
et al. 2015, Lefcheck 2016). Mass loss of teabags was modelled with predictors proven to be significant in step (2).
Therefore, the hypothesized SEM network for rooibos tea decomposition had less terms than the one for green
tea (Figure 5, hypotheses in Figure S3). Additionally, soil temperature was modelled as the response variable to the
percentage of built-up area to test for cascading urban heat island effects. We chose to use the largest spatial scale
(3,200 m) as the effect of built-up area on microclimate was found to be highest for the largest scale in step (1).
The local canopy cover was used as covariate for soil temperature, as done in step (1), given the known buffering
effect of the canopy for soil temperatures.

To consider edge effects expected for soil and litter characteristics (Remy et al. 20106), we added two more models
to the SEM network which model the soil and litter variables as response terms in function of the shortest distance
to a forest edge as single predictor. Also, for the soil microclimate we expected an edge effect (Meeussen et al.
2021a). The edge distance was natural log-transformed before modelling, given the exponentially increasing
distance to the urban forest edge in the study design and the exponential nature of edge effects. However, we
found that the distance to the edge was correlated with the percentage cover of built-up area (Pearson correlation
= -0.39, p < 0.001, Figure S4). When the edge distance was added as predictor to the soil temperature model,
model coefficients for built-up area and litter quality changed significantly. Moreover, when built-up area and
distance to the edge were tested as single predictor, they both proved significant predictors for the soil temperature;
but became insignificant when tested together indicating a confounding effect (Graham 2003). Therefore, we ran

separate models for both predictors (Figure 5).

We used the ‘piecewiseSEM’ package to allow for more flexible path modelling including the modelling of random
effects in separate models (Lefcheck 2016). Within this package, the LMMs were fitted with the function /e from
the ‘nlme’ package (Pinheiro et al. 2021) given its compatibility with the ‘piecewiseSEM’ package. Shipley’s test of
directed separation was used to assess model fit. A p-value above 0.05 indicates relations consistent with the data,

and that there are no missing relationships between unconnected variables (Shipley 2009).
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Results

1. Urban heat island effects on the soil microclimate

We found that the proportion of land-use categories (urban vs. forest) surrounding the plots significantly affected
the soil microclimate; soil temperature in the urban forests increased when built-up area around the plot increased,
but only at larger spatial scales (radius = 200 m) (Figure 2, Table S4 for all model estimates, confidence intervals
and R%, and R? values, Figure S5 for regression lines based on model predictions). Given the constant range of
percentages built-up area for all scales (0-50%, Figure S7), the larger effect at larger scale was not caused by an
increasing fraction of built-up area. When relating the soil temperature to the amount of forest area around the
plots, we found that more forest cover lowered the soil temperature at small and large spatial scales. The local
percentage canopy cover of the overstorey did decrease the soil temperature for all radii (Figure S6). Model
estimates of land-use predictors and the local canopy cover are given in Table S4, accompanied with standard
deviations and confidence intervals. Model fit was assessed with marginal (R?m) and conditional R? (R2c), which give
the proportion of mass loss variance explained by the fixed and fixed + random effects, respectively (Nakagawa and

Schielzeth 2013). On average, the soil temperature models had an R?m of 0.05 and an R2c of 0.96.

Built-up area Forest area
soil temperature (gdh) soil temperature (gdh)
50
Radius {m)} of 100
buffer area for 200
land-use 400
- 800 — ] e
assessment
== 1600 f —— 1 &
= 3200 ; . ] °
0 25 50 75 100 -100 75 -50 -25 0

Fig. 2 Changes in soil temperature for 1% increase in built-up or forest area. Estimates and confidence intervals
are shown for the effect sizes of land-use predictors for soil temperature based on linear mixed-effects models (LMMs).
Each of the 14 (7 buffer radii X 2 land-use variables) LMMs accounts for canopy cover as a covariate in the fixed effects
(see Figure S6 for canopy cover effect sizes) while site ID (six levels) was used as a random intercept term. The
propottion (%) of built-up or forest area surrounding the plot was calculated in buffers with increasing radii (50 to 3,200
m) from the ESA WorldCover map (Zanaga et al. 2021). Significant estimates have confidence intervals not overlapping
0 and are shown larger and less transparent. Soil temperature is expressed in growing degree hours (gdh) during the litter
decomposition experiment, the proportion land-use area as percentage 0-100%. Estimates thus represent changes in
the response variable for 1% increase in built-up or forest area. See Figure S5 for regression lines based on model

predictions.

16



372
373

374

375

376

377

378

379

380

381

382

383

384

385
386
387
388
389

390

2. Environmental drivers of litter decomposition

We found that the average green tea mass loss of 70.7% (SD 1.5%), was approximately twice as much as the 33.2%
average rooibos tea mass loss (SD 0.8%) (Figure 3). These results confirm the difference in litter quality between
the two tea types. In terms of soil microclimate, the mass loss of both green and rooibos tea was higher when soil
temperature increased (Figure 3, Figure 4). The variation in green tea mass loss was additionally explained by the
first principal component axis of the soil variables (strongly positively correlated with C:N ratio and C content,
negatively with pH and humus quality, Figure S2, Table S3), which positively affected green tea decomposition,
but had no significant effect on rooibos tea decomposition (Figure 4). Most urban forests showed a large variation
in pH and humus quality along this first PC axis. Also differences among cities were present. For instance, soils
from the urban forests in Brussels and Katowice had lower pH and humus quality and showed a smaller gradient
compared to the other cities (Figure S2). Models for green and rooibos tea had a R?m of 0.19 and 0.20, and a R?%c of

0.73 and 0.55, respectively.

-
Intercept
_._
Sail t t dh -
oil temperature {(gdh) o
Litter quality overstorey
First PC axis soil{
o
0.0 0.2 0.4 0.6
Estimates

Teatype @ green @ rooibos

Fig. 3 Estimates and confidence intervals of the effect sizes of environmental variables for the prediction of
green and rooibos tea decomposition based on linear mixed-effects models (LMMs). For both LMMs site 1D
(six levels) was used as a random intercept term. Significant estimates are shown larger and less transparent (*** p <
0.001; * p < 0.05; (*) p < 0.1). Soil temperature is expressed in growing degree hours (gdh) during the litter

decomposition experiment. See Figure 4 for regression lines based on model predictions.
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Fig. 4 The relationship of tea mass loss (fraction) with environmental drivers for green and rooibos tea. Tea
mass loss as a function of soil temperature (growing degree hours), litter quality of the overstorey (community weighted
mean value of species-specific litter quality scores) of tree and shrub species and the first PC axis of soil chemical
variables (strongly positively correlated with C:N ratio and C content, negatively with pH and soil nutrient regime, Figure
S2, Table S3). The lines show model predictions for significant parameter estimates (full line p < 0.05; dashed line p <
0.10) based on linear mixed-effects models (see methods for model specifications) and shading corresponds to 95%
confidence intervals. For each model prediction, other predictor variables were set to their mean values and not shown

in the equations for brevity.

3. Urban heat island effects on litter decomposition

We detected a cascading effect of the percentage of build-up area surrounding the plots on litter decomposition
through a positive effect on soil temperature in the SEMs (Figure 5a, 5c). The microclimate gradient also
encompassed an edge effect in our study design. In a second SEM candidate, we substituted the large-scale buffer
(3,200 m) of built-up area with the distance to the nearest forest edge. We found an edge effect, with higher soil

temperatures closer to the urban forest edge (Figure 5b, 5d). However, the effect size of built-up area, i.e. 0.37 for
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green tea, and 0.39 for rooibos tea SEM model, and the marginal R2? value of the soil temperature models including
built-up area as a predictor variable (R?m of 0.12 for both green and rooibos tea SEM models) were significantly
larger compared to the model with distance to edge as a predictor variable (standardized effect size of distance to
edge: -0.13 for green and rooibos tea SEM models, R?m 0.02), indicating more variation in soil temperature
explained when including built-up area instead of distance to the forest edge as predictor (Figure 5). We found that
the local canopy cover negatively affected soil temperatures as well, and in turn litter decomposition rates. We
hypothesized that the litter quality of the overstorey could affect soil temperatures through the thickness of the
litter layer (with thicker litter layers leading to warmer soil temperatures in autumn), while this pathway was not
confirmed (Figure 5, hypotheses shown in Figure S3).

For green tea, the hypothesized model contained more predictors for litter decomposition (soil characteristics and
litter quality of the overstorey) as those proved significant for green tea, but not for rooibos tea in step 2 (Figure
3). We found that more edge effects were affecting litter decomposition rates through these additional
environmental drivers. An increase in distance to the forest edge positively influenced the first PC axis of soil
chemical characteristics (positively correlated with C:N ratio and C content and negatively with pH and humus
quality, Figure S2, Table S3), while it negatively influenced the overstorey litter quality scores. Contrary to step 2,
in the SEM model we found that only the chemical soil characteristics significantly affected green tea
decomposition, and not overstorey litter quality (Figure 3, Figure 5). All marginal and conditional R? values of the

models included in the SEM model are given in Figure 5.
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Fig. 5 SEM model results exploring cascading effects of built-up area and edge distance for green tea and
rooibs tea decomposition. In the left panels (a, c), the results of the first SEM candidate model are shown, with built-
up atea as predictor for soil temperature. In the right panels (b, d), the results of second SEM candidate model are
shown with distance to forest edge as soil temperature predictor. Standardized estimates are given and p-values (*** p <
0.001; ** p < 0.01; * p < 0.05; (*) p < 0.1). Positive effects are given in blue, negative effects are given in red. Non-
significant relationships are not shown in the result graphs. Also, Fisher’s C statistic and p-value are provided of the
global goodness-of-fit. A p-value above 0.05 indicates that there are no missing relationships between unconnected

variables detected in the model and the hypothesized relations are consistent with the data (Shipley 2009).
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Discussion

1. Cities increase urban forest soil temperatures (H1)

We found that the percentage of built-up area in the surrounding landscape of urban forests in six large cities in
Europe increased soil temperature due to the Urban Heat Island (UHI) effect. A greater percentage of forest cover
in the surrounding landscape, on the other hand, lowered soil temperatures inside urban forests, most likely
through a mass effect of shading and transpiration by trees. There was, however, an interesting difference in scale.
Forest cover in the surroundings affected soil temperature from small to larger spatial scales (in buffer zones with
50-3,200 m radius). The positive effect of built-up area on soil temperature became larger and more significant at
larger spatial scales (200-3,200 m radius). This means that urban areas warm the soil microclimate at a larger spatial
scale (i.e. more distal effects), whereas forest cover predominantly cools the soil locally (i.e. more proximal effects).
Also Estoque et al. (2017) found that the correlation of impervious surface and green area with mean land surface
temperature increased at larger spatial scale for impervious surface but decreased for green space. However, Ziter
et al. (2019) tested buffer zones with 10-90 m radius, and found that both the warming and cooling effects of

impervious surface and forest cover were largest for the 60 and 90 m buffer zones.

2. Drivers of litter decomposition in urban forests (H2)

Higher soil temperatures increased decomposition rates, a well-known pattern mainly attributed to increasing
activity of the microbial community (Berg and McClaugherty 2008). We found that the UHI increases the urban
forests’ soil temperature, and as a consequence accelerates litter decomposition, affecting the rate of nutrient and
carbon cycling. Additionally, increasing canopy cover reduced soil temperatures and slowed litter decomposition.
Previous studies mostly compared rural with urban forests and some indeed found higher decomposition rates in
urban forests (Pouyat and Carreiro 2003, Nikula et al. 2010, Tresch et al. 2019). However, this increase was not
always solely attributed to UHI effects, but also to the presence of exotic invasive earthworms, higher N availability
in the soil, changes in litter quality or soil fauna abundance (Pouyat and Carreiro 2003, Nikula et al. 2010, Tresch
etal. 2019). In our study, we minimized variation in litter quality through the use of standardized litter, we excluded
macrofauna given the small mesh sizes of teabags and took soil chemical variation into account. Still, rural-to-
urban gradients differ in many aspects, and it is possible that some confounding factors covary with soil
temperatures. For example, the microbial soil community composition can differ between urban and rural sites
(Epp Schmidt et al. 2017, Hui et al. 2017), and might change along the urban forest edge-to-interior gradient in

our study.
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Furthermore, also soil moisture can have large effects on litter decomposition. In other studies, soil moistutre has
been shown to stimulate decomposition rates (Seidelmann et al. 2016, Wallace et al. 2018). However, an increase
in microbial activity due to increases in soil moisture occurs especially when moisture levels are limiting or below
a certain threshold (Berg and McClaugherty 2008, Prescott 2010). Our study was conducted during autumn, a rainy
season in NW-Europe (Table S5), therefore, we could assume that soil moisture was probably not limiting
microbial activity. Additionally, our European set-up made it difficult to monitor soil moisture continuously during
the decomposition experiment. However, we acknowledge the importance of this driver and advocate for more
studies on the role of soil moisture and the interaction with soil temperature. Especially in summer, UHI effects
are often at their maximum (Arnfield 2003, van Hove et al. 2015) and litter decomposition can be at its highest
rate (Sun and Zhao 2016, Vaidelys et al. 2020), yet summer drought has been shown to limit decomposition at
urban forest edges (Garvey et al. 2022). The seasonal variation in litter decomposition and its drivers has received

only limited attention in urban studies and is an important avenue for further research.

Gradients in soil chemical variables were (partly) driven by an edge effect. We noticed quite large gradients in
humus quality within the urban forests, often coinciding with edge-to-interior gradients. The soils closer to the
edge were characterised by a higher humus quality (Rogister 1978, Godefroid et al. 2005), which typically have
higher bacteria-to-fungi ratios and relatively faster decomposition rates (Fierer et al. 2009, de Vries et al. 2012).
Therefore, the edaphic environment at the forest edge was expected to facilitate litter decomposition, also due to
a higher pH and lower C:N ratios. Surprisingly, we found the opposite. Green tea litter decomposition was slower
in the soils with a higher pH, lower C content and C:N ratios, situated closer to the edge.

One potential mechanism causing the green tea decomposition to be slower in these soils, could be the high
amounts of nitrogen typical of urban forest soils (Cusack, 2013; Mgelwa et al., 2020). Kahan et al. (2014) found,
for example, greater nitrogen availability in soils of forest edges surrounded by higher housing densities. In addition
to many early studies observing faster decomposition with higher N availability (e.g. Richards and Norman 1931),
it has also been shown that nitrogen addition can suppress decomposition due to lower microbial biomass
(Treseder, 2008) and shifts in metabolic capabilities (Ramirez et al., 2012). Another explanation might lay in the
biotic aspect of decomposition. We have no data on the microbial community to confirm patterns in microbial
biomass or bacteria-to-fungi ratios, but it is known that the composition of the microbial community can differ
between urban and rural sites (Epp Schmidt et al., 2017; Hui et al., 2017), and might change along the urban forest

edge-to-interior gradient. Additionally, a variation in the presence and abundance of herbs can affect litter
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decomposition rates as well (Chomel et al. 2016, Wang et al. 2021a). Finally, also typical urban effects can affect
decomposition rates, such as more disturbed soils with a high amount of stones near the urban forest edge, more
soil compaction, land-use changes and time since former land use (Kahan et al. 2014), or the presence of high dog

densities leading to nutrient fertilization (De Frenne et al. 2022).
3. Carbon and nutrient cycling in urban forests

We found that the percentage of build-up area surrounding urban forests accelerates litter decomposition through
soil microclimate warming. This means that urban heat can accelerate carbon and nutrient cycling in urban forests,
with potentially important consequences for ecosystem functioning. Faster litter decomposition increases
respiration and lowers litter accumulation (Mack et al. 2004). Urban forests subject to heat islands could potentially
store less belowground carbon than expected, when decomposition is not limited by drought, see e.g. Enloe et al.
(2015), Garvey et al. (2022). Faster litter decomposition, however, also results in higher nutrient availability
potentially increasing plant growth (Standish et al. 2004, Liao et al. 2008, Sokolov et al. 2008) as well as biotic
homogenization in the forest understorey (Staude et al. 2020). The presence of exotic and invasive species, often
higher in urban forests (Heckmann et al. 2008, Blood et al. 2016), could further increase the risk of biotic
homogenization. It seems thus that urban heat can accelerate forest ecosystem dynamics, with several potential

consequences for nutrient and carbon cycling, and vegetation dynamics.

Extreme summer droughts in urban forests can result in opposite patterns, hampering litter decomposition
(Santonja et al. 2015, Xie et al. 2020) and decreasing tree growth due to heat and drought stress (Vaz Monteiro et
al. 2017, Moser-Reischl et al. 2019). Seasonal changes in both UHI strength (Arnfield 2003, van Hove et al. 2015)
and litter decomposition rates and drivers (Vaidelys et al. 2020) might result in a dynamic effect of urban
environments on litter decomposition in urban forests. As a consequence, making up the final resulting balance
leading to carbon losses or gains stays extremely challenging and requires more information on long-term patterns.
For example, many studies on litter decomposition are limited to the eatly stages (the first three months) of
decomposition, whereas this is only the very start of the transforming process from litter to humus (Prescott 2005).
Furthermore, given the fact that litter decomposition is only one phase of a complete cycle of nutrient and carbon
flows, feedback mechanisms between soil processes, vegetation and climate are to be expected, as well as
interactions between the carbon and nitrogen cycle, but up till now these are only limitedly studied (Melillo et al.

2002, Mack et al. 2004, Sokolov et al. 2008, Hobbie 2015, Melillo et al. 2017). This information is also more and
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more valuable for global atmospheric carbon models given the ever-increasing rate of global urbanization and

share of natural areas that become embedded in urbanised landscapes (Seto et al. 2011, Li et al. 2021).

Conclusion and outlook

Our results underpin the important role of soil temperature for litter decomposition in urban forests during autumn
and confirm the hypothesized acceleration due to urban heat islands. As a consequence, urban forest carbon and
nutrient cycles might accelerate which could significantly affect carbon sequestration in urban forests. Additionally,
soil microclimate was strongly affected by canopy cover, supporting the important local impact of tree cover and
stand characteristics on microclimates in urban forests. Litter decomposition rates were not only affected by soil
temperature, but also by other factors which control microbial and mesofauna activity, such as soil chemical
properties. Most studies on litter decomposition have performed trials in a short-term setup. To improve our
understanding on how urban heat affects ecosystems’ nutrient and carbon cycling, we suggest to design studies
spanning longer time periods and multiple seasons, and measure or manipulate soil moisture and decomposition
in a more continuous way through experiments. Furthermore, the role of biota in these processes should not be
overlooked, it would be highly valuable to further explore urban warming effects on macro-, mesofauna and
microbial communities. With more than half of the world’s population currently living in cities (UN 2019), urban
forests provide invaluable ecosystem services such as buffering against urban heat and climate change. However,
we show that these urban forests are themselves not unaffected by warming, which impacts ecosystem processes

crucial for their functioning.

Statements and declarations
Funding
This work was supported by the Research Foundation Flanders (FWO) (K.D.P. ASP035-19), the European

Research Council (ERC) (ERC Starting Grant FORMICA 757833, 2018, http://www.formica.ugent.be) and the

FWO Scientific research network FLEUR (http://www.fleur.ugent.be). JL. acknowledges funding from the

Agence Nationale de la Recherche (ANR) (project IMPRINT; grant nr. ANR-19-CE32-0005-01). FZ was

supported by the Swiss National Science Foundation (grant nr. 193645).

Competing interests

The authors have no relevant financial or non-financial interests to disclose.

24


http://www.fleur.ugent.be/

547

548  Author contributions

549 KDP, PDF, PV, LD and KV conceived the ideas and designed methodology; all authors collected data; KDP led
550  the data analyses and the writing of the manuscript in close collaboration with PDF, LD, PV and KV. All authors

551  contributed critically to the drafts and gave final approval for publication.

552 Data availability statement

553  Data will be made available online (through Figshare) and is now already accessible through a private link:
554  https://figshare.com/s/192477e16d62fa45f2a0.

555

25


https://figshare.com/s/192477e16d62fa45f2a0

556

557

558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611

References

Abatzoglou, J. T., S. Z. Dobrowski, S. A. Parks, and K. C. Hegewisch. 2018. TerraClimate, a high-resolution
global dataset of monthly climate and climatic water balance from 1958-2015. Scientific Data 5:170191.

Aerts, R. 1997. Climate, leaf litter chemistry and leaf litter decomposition in terrestrial ecosystems: a triangular
relationship. Oikos:439-449.

Aerts, R., N. Vanlessen, S. Dujardin, B. Nemery, A. Van Nieuwenhuyse, M. Bauwelinck, L. Casas, C. Demoury,
M. Plusquin, and T. S. Nawrot. 2022. Residential green space and mental health-related prescription
medication sales: An ecological study in Belgium. Environmental Research 211:113056.

Arnfield, A. J. 2003. Two decades of urban climate research: a review of turbulence, exchanges of energy and
water, and the urban heat island. International Journal of Climatology 23:1-26.

Aronson, M. F. J., C. H. Nilon, C. A. Lepczyk, T. S. Parker, P. S. Warren, S. S. Cilliers, M. A. Goddard, A. K.
Hahs, C. Herzog, M. Katti, F. A. La Sorte, N. S. G. Williams, and W. Zipperer. 2016. Hierarchical filters
determine community assembly of urban species pools. Ecology 97:2952-2963.

Aulsebrook, A. E., T. M. Jones, R. A. Mulder, and J. A. Lesku. 2018. Impacts of artificial light at night on sleep:
A review and prospectus. Journal of Experimental Zoology Part A: Ecological and Integrative
Physiology 329:409-418.

Baklanov, A., L. T. Molina, and M. Gauss. 2016. Megacities, air quality and climate. Atmospheric Environment
126:235-249.

Barbati, A., M. Marchetti, G. Chirici, and P. Corona. 2014. European Forest Types and Forest Europe SFM
indicators: Tools for monitoring progress on forest biodiversity conservation. Forest Ecology and
Management 321:145-157.

Barton, K. 2019. MuMIn: Multi-Model Inference.

Bates, D., M. Maechler, B. Bolker, and S. Walker. 2015. Fitting Linear Mixed-Effects Models Using Ime4. Journal
of Statistical Software 67:1-48.

Baudry, O., C. Charmetant, C. Collet, and Q. Ponette. 2014. Estimating light climate in forest with the convex
densiometer: operator effect, geometry and relation to diffuse light. European Journal of Forest
Research 133:101-110.

Berg, B., and C. McClaugherty. 2008. Plant Litter: Decomposition, Humus Formation, Carbon Sequestration
Springer-Verlag Berlin, Heidelberg, Germany.

Bernhardt-Rémermann, M., L. Baeten, D. Craven, P. De Frenne, R. Hédl, J. Lenoir, D. Bert, J. Brunet, M.
Chudomelova, G. Decocq, H. Dierschke, T. Dirnbdck, 1. Dérfler, T. Heinken, M. Hermy, P. Hommel,
B. Jaroszewicz, A. Keczynski, D. L. Kelly, K. J. Kirby, M. Kopecky, M. Macek, F. Malis, M. Mirtl, F. J.
G. Mitchell, T. Naaf, M. Newman, G. Peterken, P. Pettik, W. Schmidt, T. Standovir, Z. Téth, H. V.
Calster, G. Verstraeten, J. Vladovi¢, O. Vild, M. Wulf, and K. Verheyen. 2015. Drivers of temporal
changes in temperate forest plant diversity vary across spatial scales. Global Change Biology 21:3726-
3737.

Blood, A., G. Starr, F. Escobedo, A. Chappelka, and C. Staudhammer. 2016. How Do Urban Forests Compare?
Tree Diversity in Urban and Periurban Forests of the Southeastern US. Forests 7:120.

Bocci, G. 2015. TR8: an R package for easily retrieving plant species traits. Methods in Ecology and Evolution
6:347-350.

Bonan, G. B., M. D. Hartman, W. J. Parton, and W. R. Wieder. 2013. Evaluating litter decomposition in earth
system models with long-term litterbag experiments: an example using the Community Land Model
version 4 (CLM4). Global Change Biology 19:957-974.

Carrus, G., M. Scopelliti, R. Lafortezza, G. Colangelo, F. Ferrini, F. Salbitano, M. Agrimi, L. Portoghesi, P.
Semenzato, and G. Sanesi. 2015. Go greener, feel better? The positive effects of biodiversity on the well-
being of individuals visiting urban and peri-urban green areas. Landscape and Urban Planning 134:221-
228.

Chen, J. Q., S. C. Saunders, T. R. Crow, R. J. Naiman, K. D. Brosofske, G. D. Mroz, B. L. Brookshire, and J. F.
Franklin. 1999. Microclimate in forest ecosystem and landscape ecology - Variations in local climate can
be used to monitor and compare the effects of different management regimes. Bioscience 49:288-297.

Chomel, M., M. Guittonny-Larchevéque, A. DesRochers, and V. Baldy. 2016. Effect of mixing herbaceous litter
with tree litters on decomposition and N release in boreal plantations. Plant and Soil 398:229-241.

CIESIN. 2016. Global Urban Heat Island (UHI) Data Set, 2013.:# C. U. Center for International Earth Science
Information Network (CIESIN), editor., Palisades, New York: NASA Socioeconomic Data and
Applications Center (SEDAC).

26



612 citypopulation.de.
613  Coleman, K., and D. S. Jenkinson. 1996. RothC-26.3 - A Model for the turnover of carbon in soil. Pages 237-

614 246. Springer Berlin Heidelberg, Berlin, Heidelberg.

615 Conant, R. T., M. G. Ryan, G. L. Agren, H. E. Birge, E. A. Davidson, P. E. Eliasson, S. E. Evans, S. D. Frey, C.
616 P. Giardina, F. M. Hopkins, R. Hyvénen, M. U. F. Kirschbaum, J. M. Lavallee, J. Leifeld, W. J. Parton, J.
617 Megan Steinweg, M. D. Wallenstein, J. A. Martin Wetterstedt, and M. A. Bradford. 2011. Temperature
618 and soil organic matter decomposition rates — synthesis of current knowledge and a way forward. Global
619 Change Biology 17:3392-3404.

620 Couteaux, M.-M., P. Bottner, and B. Berg. 1995. Litter decomposition, climate and liter quality. Trends in

621 Ecology & Evolution 10:63-60.

622 Dale, A. G, and S. D. Frank. 2017. Warming and drought combine to increase pest insect fitness on urban trees.
023 Plos One 12:¢0173844.

624  De Frenne, P., M. Cougnon, G. P. J. Janssens, and P. Vangansbeke. 2022. Nutrient fertilization by dogs in peri-
625 urban ecosystems. Ecological Solutions and Evidence 3:¢12128.

626 De Pauw, K. 2022. litter decomposition experiment in six urban forests across Europe. figshare.

627 De Smedt, P., L. Baeten, W. Proesmans, S. Van de Poel, J. Van Keer, B. Giffard, L. Martin, R. Vanhulle, J.

628 Brunet, S. A. O. Cousins, G. Decocq, M. Deconchat, M. Diekmann, E. Gallet-Moron, V. Le Roux, J.
629 Liira, A. Valdés, M. Wulf, E. Andrieu, M. Hermy, D. Bonte, and K. Verheyen. 2019. Strength of forest
630 edge effects on litter-dwelling macro-arthropods across Europe is influenced by forest age and edge
631 properties. Diversity and Distributions 25:963-974.

632 de Vries, F. T., P. Manning, J. R. B. Tallowin, S. R. Mortimer, E. S. Pilgrim, K. A. Harrison, P. J. Hobbs, H.
633 Quirk, B. Shipley, J. H. C. Cornelissen, J. Kattge, and R. D. Bardgett. 2012. Abiotic drivers and plant
634 traits explain landscape-scale patterns in soil microbial communities. Ecology Letters 15:1230-1239.
635  Depauw, L., M. P. Perring, D. Landuyt, S. L. Maes, H. Blondeel, E. De Lombaerde, G. Brumelis, J. Brunet, D.
636 Closset-Kopp, J. Czerepko, G. Decocq, J. den Ouden, R. Gawrys, W. Hardtle, R. Hedl, T. Heinken, S.
637 Heinrichs, B. Jaroszewicz, M. Kopecky, 1. Liepina, M. Macek, F. Malis, W. Schmidt, S. M. Smart, K.
638 Ujhazy, M. Wulf, and K. Verheyen. 2020. Light availability and land-use history drive biodiversity and
639 functional changes in forest herb layer communities. Journal of Ecology 108:1411-1425.

640  Dzhambov, A. M., and D. D. Dimitrova. 2014. Urban green spaces effectiveness as a psychological buffer for
641 the negative health impact of noise pollution: A systematic review. Noise & Health 16:157-165.

642 Eaton, E.; G. Caudullo, S. Oliveira, and D. de Rigo. 2016. Quercus robur and Quercus petraea in Europe:

643 distribution, habitat, usage and threats. Pages 160-163 77 ]. San-Miguel-Ayanz, D. de Rigo, G. Caudullo,
644 T. Houston Durrant, and A. Mauri, editors. European Atlas of Forest Tree Species. Publication Office
645 of the European Union, Luxembourg.

646 Ellenberg, H., and C. Leuschner. 2010. Vegetation Mitteleuropas mit den Alpen: in 6kologischer, dynamischer
647 und historischer Sicht. Utb.
648 Enedino, T. R., A. Loures-Ribeiro, and B. A. Santos. 2018. Protecting biodiversity in urbanizing regions: The

649 role of urban reserves for the conservation of Brazilian Atlantic Forest birds. Perspectives in Ecology
650 and Conservation 16:17-23.

651 Enloe, H. A., B. G. Lockaby, W. C. Zipperer, and G. L. Somers. 2015. Urbanization effects on leaf litter

652 decomposition, foliar nutrient dynamics and aboveground net primary productivity in the subtropics.
653 Urban Ecosystems 18:1285-1303.

654  Epp Schmidt, D. J., R. Pouyat, K. Szlavecz, H. Setild, D. ]. Kotze, I. Yesilonis, S. Cilliers, E. Hornung, M.

655 Dombos, and S. A. Yarwood. 2017. Urbanization erodes ectomycorrhizal fungal diversity and may cause
656 microbial communities to converge. Nature Ecology & Evolution 1:0123.

657  Estoque, R. C., Y. Murayama, and S. W. Myint. 2017. Effects of landscape composition and pattern on land
658 surface temperature: An urban heat island study in the megacities of Southeast Asia. The Science of the
659 total environment 577:349-359.

660  Eurostat, t. S. O. o. t. E. U. 2021. City statistics. Population on 1 January by age groups and sex - cities and

0661 greater cities.

662 Fierer, N., M. S. Strickland, D. Liptzin, M. A. Bradford, and C. C. Cleveland. 2009. Global patterns in

0663 belowground communities. Ecology Letters 12:1238-1249.

664  Fitter, A. H., and H. J. Peat. 1994. The ecological flora database. Journal of Ecology 82:415-425.

665 Fung, T. K, D. R. Richards, R. A. T. Leong, S. Ghosh, C. W. J. Tan, Z. Drillet, K. L. Leong, and P. J. Edwards.
666 2022. Litter decomposition and infiltration capacities in soils of different tropical urban land covers.
667 Urban Ecosystems 25:21-34.

27



668  Garvey, S. M., P. H. Templer, E. A. Pierce, A. B. Reinmann, and L. R. Hutyra. 2022. Diverging patterns at the

669 forest edge: Soil respiration dynamics of fragmented forests in urban and rural areas. Global Change
670 Biology 28:3094-3109.

671  Gehlhausen, S. M., M. W. Schwartz, and C. K. Augspurger. 2000. Vegetation and microclimatic edge effects in
672 two mixed-mesophytic forest fragments. Plant Ecology 147:21-35.

673  Géron, C,, J. J. Lembrechts, J. Borgelt, J. Lenoir, R. Hamdi, G. Mahy, I. Njjs, and A. Monty. 2021. Urban alien
674 plants in temperate oceanic regions of Europe originate from warmer native ranges. Biological

675 Invasions.

676 Godefroid, S., W. Massant, and N. Koedam. 2005. Variation in the herb species response and the humus quality
677 across a 200-year chronosequence of beech and oak plantations in Belgium. Ecography 28:223-235.

678  Google. n.d. Google My Maps application.

679  GoogleMaps. 2022. Google Maps.

680  Grace, J. B., S. M. Scheiner, and D. R. Schoolmaster. 2015. Structural equation modeling: building and evaluating
681 causal models. Pages 168-199 7z G. A. Fox, S. Negrete-Yanlelevich, and V. J. Sosa, editors. Ecological
682 statistics: from principles to applications. Oxford University Press, New York, NY.

683  Graham, M. H. 2003. Confronting multicollinearity in ecological multiple regression. Ecology 84:2809-2815.

684  Hamberg, L., S. Lehvivirta, and D. J. Kotze. 2009. Forest edge structure as a shaping factor of understorey

685 vegetation in urban forests in Finland. Forest Ecology and Management 257:712-722.

686 Handa, I. T., R. Aerts, F. Berendse, M. P. Berg, A. Bruder, O. Butenschoen, E. Chauvet, M. O. Gessner, J.
687 Jabiol, M. Makkonen, B. G. McKie, B. Malmqvist, E. T. H. M. Peeters, S. Scheu, B. Schmid, J. van
688 Ruijven, V. C. A. Vos, and S. Hittenschwiler. 2014. Consequences of biodiversity loss for litter

689 decomposition across biomes. Nature 509:218-221.

690  Heckmann, K. E., P. N. Manley, and M. D. Schlesinger. 2008. Ecological integrity of remnant montane forests
691 along an urban gradient in the Sierra Nevada. Forest Ecology and Management 255:2453-2466.

692 Hengl, T\, J. Mendes de Jesus, G. B. M. Heuvelink, M. Ruiperez Gonzalez, M. Kilibarda, A. Blagoti¢, W.
693 Shangguan, M. N. Wright, X. Geng, B. Bauer-Marschallinger, M. A. Guevara, R. Vargas, R. A.

694 MacMillan, N. H. Batjes, ]. G. B. Leenaars, E. Ribeiro, I. Wheeler, S. Mantel, and B. Kempen. 2017.
695 SoilGrids250m: Global gridded soil information based on machine learning. Plos One 12:e0169748.
696  Hill, M. O,, J. O. Mountford, D. B. Roy, and R. G. H. Bunce. 1999. Ellenberg's indicator values for British
697 plants. ECOFACT Volume 2 Technical Annex. Institute of Terrestrial Ecology.

698  Hobbie, S. E. 2015. Plant species effects on nutrient cycling: revisiting litter feedbacks. Trends in Ecology &
699 Evolution 30:357-363.
700  Honnay, O., K. Vetheyen, and M. Hermy. 2002. Permeability of ancient forest edges for weedy plant species

701 invasion. Forest Ecology and Management 161:109-122.

702 Hui, N., A. Jumpponen, G. Francini, D. J. Kotze, X. Liu, M. Romantschuk, R. Strtémmer, and H. Setild. 2017.
703 Soil microbial communities are shaped by vegetation type and park age in cities under cold climate.

704 Environmental Microbiology 19:1281-1295.

705  Jerem, P., and F. Mathews. 2021. Trends and knowledge gaps in field research investigating effects of

706 anthropogenic noise. Conservation Biology 35:115-129.

707  Kageyama, S. A. K. A, N. R. R. Posavatz, K. E. W. E. Waterstripe, S. J. J. J. Jones, P. J. B. J. Bottomley, J.

708 KermitCromackK. Cromack, and D. D. M. D. Myrold. 2008. Fungal and bacterial communities across
709 meadow—forest ecotones in the western Cascades of Oregon. Canadian Journal of Forest Research

710 38:1053-1060.

711 Kahan, A. Y., W. S. Curtie, and D. G. Brown. 2014. Nitrogen and Carbon Biogeochemistry in Forest Sites along
712 an Indirect Urban—Rural Gradient in Southeastern Michigan. Forests 5:643-665.

713 Keuskamp, J. A., B. J. J. Dingemans, T. Lehtinen, J. M. Sarneel, and M. M. Hefting. 2013. Tea Bag Index: a novel
714 approach to collect uniform decomposition data across ecosystems. Methods in Ecology and Evolution
715 4:1070-1075.

716 Kirschbaum, M. U. F. 1995. The temperature dependence of soil organic matter decomposition, and the effect
717 of global warming on soil organic C storage. Soil Biology and Biochemistry 27:753-760.

718  Kleerekoper, L., M. van Esch, and T. B. Salcedo. 2012. How to make a city climate-proof, addressing the urban
719 heat island effect. Resources, Conservation and Recycling 64:30-38.

720 Konijnendijk, C. C. 2003. A decade of urban forestry in Europe. Forest Policy and Economics 5:173-186.

721 Kowarik, I. 2011. Novel urban ecosystems, biodiversity, and conservation. Environmental Pollution 159:1974-
722 1983.

723 Lefcheck, J. S. 2016. piecewiseSEM: Piecewise structural equation modelling in r for ecology, evolution, and
724 systematics. Methods in Ecology and Evolution 7:573-579.

28



725
726
727
728
729
730
731
732
733
734
735
736
737
738
739
740
741
742
743
744
745
746
747
748
749
750
751
752
753
754
755
756
757
758
759
760
761
762
763
764
765
766
767
768
769
770
771
772
773
774
775
776
777
778
779
780
781
782

Li, X., Y. Zhou, M. Hejazi, M. Wise, C. Vernon, G. Iyer, and W. Chen. 2021. Global urban growth between 1870
and 2100 from integrated high resolution mapped data and urban dynamic modeling. Communications
Earth & Environment 2:201.

Liao, C., R. Peng, Y. Luo, X. Zhou, X. Wu, C. Fang, J. Chen, and B. Li. 2008. Altered ecosystem carbon and
nitrogen cycles by plant invasion: a meta-analysis. New Phytologist 177:706-714.

Lindsey, A. A, and J. E. Newman. 1956. Use of Official Wather Data in Spring Time: Temperature Analysis of
an Indiana Phenological Record. Ecology 37:812-823.

Luo, X., and W. Li. 2014. Scale effect analysis of the relationships between urban heat island and impact factors:
case study in Chongging. Journal of Applied Remote Sensing 8:084995.

Mack, M. C., E. A. G. Schuur, M. S. Bret-Harte, G. R. Shaver, and F. S. Chapin. 2004. Ecosystem carbon storage
in arctic tundra reduced by long-term nutrient fertilization. Nature 431:440-443.

Maes, S. L., H. Blondeel, M. P. Perring, L. Depauw, G. Bramelis, J. Brunet, G. Decocq, J. den Ouden, W.
Hirdtle, R. Hédl, T. Heinken, S. Heinrichs, B. Jaroszewicz, K. Kirby, M. Kopecky, F. Mali§, M. Wulf,
and K. Verheyen. 2019. Litter quality, land-use history, and nitrogen deposition effects on topsoil
conditions across European temperate deciduous forests. Forest Ecology and Management 433:405-418.

Malmivaara-Limsi, M., L. Hamberg, E. Haapamiki, J. Liski, D. J. Kotze, S. Lehvivirta, and H. Fritze. 2008.
Edge effects and trampling in boreal urban forest fragments — impacts on the soil microbial community.
Soil Biology and Biochemistry 40:1612-1621.

Matlack, G. R. 1993. Microenvironment variation within and among forest edge sites in the eastern United-
States. Biological Conservation 66:185-194.

Meeussen, C., S. Govaert, T. Vanneste, K. Bollmann, J. Brunet, K. Calders, S. A. O. Cousins, K. De Pauw, M.
Diekmann, C. Gasperini, P.-O. Hedwall, K. Hylander, G. Iacopetti, J. Lenoir, S. Lindmo, A. Orczewska,
Q. Ponette, J. Plue, P. Sanczuk, F. Selvi, F. Spicher, H. Verbeeck, F. Zellweger, K. Verheyen, P.
Vangansbeke, and P. De Frenne. 2021a. Microclimatic edge-to-intetior gradients of European deciduous
forests. Agricultural and Forest Meteorology 311:108699.

Meeussen, C., S. Govaert, T. Vanneste, S. Haesen, K. Van Meerbeek, K. Bollmann, . Brunet, K. Calders, S. A.
O. Cousins, M. Dickmann, B. J. Graae, G. lacopetti, . Lenoir, A. Orczewska, Q. Ponette, J. Plue, F.
Selvi, F. Spicher, M. V. Serensen, H. Verbeeck, P. Vermeir, K. Verheyen, P. Vangansbeke, and P. De
Frenne. 2021b. Drivers of carbon stocks in forest edges across Europe. Science of the Total
Environment 759:143497.

Meineke, E. K., R. R. Dunn, J. O. Sexton, and S. D. Frank. 2013. Urban Warming Drives Insect Pest Abundance
on Street Trees. Plos One 8:¢59687.

Melillo, J. M., S. D. Frey, K. M. DeAngelis, W. J. Werner, M. ]. Bernard, F. P. Bowles, G. Pold, M. A. Knorr, and
A. S. Grandy. 2017. Long-term pattern and magnitude of soil carbon feedback to the climate system in a
warming world. Science 358:101-105.

Melillo, J. M., P. A. Steudler, J. D. Aber, K. Newkirk, H. Lux, F. P. Bowles, C. Catricala, A. Magill, T. Ahrens,
and S. Motrisseau. 2002. Soil Warming and Carbon-Cycle Feedbacks to the Climate System. Science
298:2173-2176.

Melliger, R. L., H. P. Rusterholz, and B. Baur. 2017. Ecosystem functioning in cities: Combined effects of
urbanisation and forest size on early-stage leaf litter decomposition of European beech (Fagus sylvatica
L.). Urban Forestry & Urban Greening 28:88-96.

Meyer, S., H.-P. Rusterholz, J.-A. Salamon, and B. Baur. 2020. Leaf litter decomposition and litter fauna in urban
forests: Effect of the degree of urbanisation and forest size. Pedobiologia 78:150609.

Miller, J. D., and M. Hutchins. 2017. The impacts of urbanisation and climate change on urban flooding and
urban water quality: A review of the evidence concerning the United Kingdom. Journal of Hydrology:
Regional Studies 12:345-362.

Molder, A., P. Meyer, and R.-V. Nagel. 2019. Integrative management to sustain biodiversity and ecological
continuity in Central European temperate oak (Quercus robur, Q. petraea) forests: An overview. Forest
Ecology and Management 437:324-339.

Moser-Reischl, A., M. A. Rahman, S. Pauleit, H. Pretzsch, and T. Rotzer. 2019. Growth patterns and effects of
urban micro-climate on two physiologically contrasting urban tree species. Landscape and Urban
Planning 183:88-99.

Nakagawa, S., and H. Schielzeth. 2013. A general and simple method for obtaining R2 from generalized linear
mixed-effects models. Methods in Ecology and Evolution 4:133-142.

NCEIL N. C. f. E. I. 2021. GHCN (Global Historical Climatology Network)-Daily.zz N. N. C. f. E. Information,
editor. NOAA National Oceanic and Atmospheric Administration.

Neter, J., W. Wasserman, and M. H. Kutner. 1990. Applied linear statistical models. Regression, analysis of
variance, and experimental design. Irwin, Homewood, USA.

29



783
784
785
786
787
788
789
790
791
792
793
794
795
796
797
798
799
800
801
802
803
804
805
806
807
808
809
810
811
812
813
814
815
816
817
818
819
820
821
822
823
824
825
826
827
828
829
830
831
832
833
834
835
836
837
838

Nikula, S., E. Vapaavuori, and S. Manninen. 2010. Urbanization-related changes in European aspen (Populus
tremula L.): leaf traits and litter decomposition. Environmental Pollution 158 6:2132-2142.

Nowak, D. J., D. E. Crane, and J. C. Stevens. 2006. Air pollution removal by urban trees and shrubs in the
United States. Urban Forestry & Urban Greening 4:115-123.

Nowak, D. J., S. Hirabayashi, M. Doyle, M. McGovern, and J. Pasher. 2018. Air pollution removal by urban
forests in Canada and its effect on air quality and human health. Urban Forestry & Urban Greening
29:40-48.

Oke, T. R. 1982. The energetic basis of the urban heat island. Quartetly Journal of the Royal Meteorological
Society 108:1-24.

Oke, T. R. 2002. Boundary layer climates. Routledge.

Ow, L. F., and S. Ghosh. 2017. Urban cities and road traffic noise: Reduction through vegetation. Applied
Acoustics 120:15-20.

Pavao-Zuckerman, M. A., and D. C. Coleman. 2005. Decomposition of chestnut oak (Quercus prinus) leaves
and nitrogen mineralization in an urban environment. Biology and Fertility of Soils 41:343-349.

Pinheiro, J., D. Bates, S. DebRoy, D. Sarkar, and R. C. Team. 2021. nlme: Linear and Nonlinear Mixed Effect
Models.

Portillo-Estrada, M., M. Pihlatie, J. F. J. Korhonen, J. Levula, A. K. F. Frumau, A. Ibrom, J. J. Lembrechts, L.
Morillas, I.. Horvath, S. K. Jones, and U. Niinemets. 2016. Climatic controls on leaf litter decomposition
across Huropean forests and grasslands revealed by reciprocal litter transplantation experiments.
Biogeosciences 13:1621-1633.

Pouyat, R. V., and M. M. Carreiro. 2003. Controls on mass loss and nitrogen dynamics of oak leaf litter along an
urban-rural land-use gradient. Oecologia 135:288-298.

Pouyat, R. V., M. J. McDonnell, and S. T. A. Pickett. 1997. Litter decomposition and nitrogen mineralization in
oak stands along an urban-rural land use gradient. Urban Ecosystems 1:117-131.

Prescott, C. E. 2005. Do rates of litter decomposition tell us anything we really need to know? Forest Ecology
and Management 220:66-74.

Prescott, C. E. 2010. Litter decomposition: what controls it and how can we alter it to sequester more carbon in
forest soils? Biogeochemistry 101:133-149.

R Development Core Team version 4.1.1. 2020. R: A Language and Environment for Statistical Computing. R
Foundation for Statistical Computing, Vienna, Austria.

Rakoto, P. Y., K. Deilami, ]. Hurley, M. Amati, and Q. Sun. 2021. Revisiting the cooling effects of urban
greening: Planning implications of vegetation types and spatial configuration. Urban Forestry & Urban
Greening 64:127266.

Referowska-Chodak, E. 2019. Pressures and Threats to Nature Related to Human Activities in European Urban
and Suburban Forests. Forests 10:765.

Rega-Brodsky, C. C., M. F. J. Aronson, M. R. Piana, E.-S. Carpenter, A. K. Hahs, A. Herrera-Montes, S. Knapp,
D. J. Kotze, C. A. Lepczyk, M. Moretti, A. B. Salisbury, N. S. G. Williams, K. Jung, M. Katti, I.
MacGregor-Fors, J. S. Maclvor, F. A. La Sorte, V. Sheel, C. G. Threfall, and C. H. Nilon. 2022. Urban
biodiversity: State of the science and future directions. Urban Ecosystems.

Remme, R. P., H. Frumkin, A. D. Guerry, A. C. King, L. Mandle, C. Sarabu, G. N. Bratman, B. Giles-Corti, P.
Hamel, B. Han, J. L. Hicks, P. James, J. J. Lawler, T. Lindahl, H. Liu, Y. Lu, B. Oosterbroek, B. Paudel,
J. F. Sallis, J. Schipperijn, R. Sosi¢, S. d. Vries, B. W. Wheeler, S. A. Wood, T. Wu, and G. C. Daily. 2021.
An ecosystem setrvice perspective on urban nature, physical activity, and health. Proceedings of the
National Academy of Sciences 118:¢2018472118.

Remy, E., K. Wuyts, P. Boeckx, S. Ginzburg, P. Gundersen, A. Demey, ]. Van Den Bulcke, J. Van Acker, and K.
Verheyen. 2016. Strong gradients in nitrogen and carbon stocks at temperate forest edges. Forest
Ecology and Management 376:45-58.

Remy, E., K. Wuyts, L. Van Nevel, P. De Smedt, P. Boeckx, and K. Verheyen. 2018a. Driving Factors Behind
Litter Decomposition and Nutrient Release at Temperate Forest Edges. Ecosystems 21:755-771.

Remy, E., K. Wuyts, K. Verheyen, P. Gundersen, and P. Boeckx. 2018b. Altered microbial communities and
nitrogen availability in temperate forest edges. Soil Biology and Biochemistry 116:179-188.

Ries, L., J. Robert J. Fletcher, J. Battin, and T. D. Sisk. 2004. Ecological Responses to Habitat Edges:
Mechanisms, Models, and Variability Explained. Annual Review of Ecology, Evolution, and Systematics
35:491-522.

Riutta, T., H. Clack, M. Crockatt, and E. M. Slade. 2016. Landscape-Scale Implications of the Edge Effect on
Soil Fauna Activity in a Temperate Forest. Ecosystems 19:534-544.

30



839
840
841
842
843
844
845
846
847
848
849
850
851
852
853
854
855
856
857
858
859
860
861
862
863
864
865
866
867
868
869
870
871
872
873
874
875
876
877
878
879
880
881
882
883
884

885
886
887
888
889
890
891
892
893
894

Riutta, T., E. M. Slade, D. P. Bebber, M. E. Taylor, Y. Malhi, P. Riordan, D. W. Macdonald, and M. D.
Morecroft. 2012. Experimental evidence for the interacting effects of forest edge, moisture and soil
macrofauna on leaf litter decomposition. Soil Biology and Biochemistry 49:124-131.

Rogister, J. 1978. De ekologische mR-en mN-waarden van de kruidlaag en de humuskwaliteit van
bosplantengezelschappen. Proefstation van Waters en Bossen.

Santonja, M., C. Fernandez, T. Gauquelin, and V. Baldy. 2015. Climate change effects on litter decomposition:
intensive drought leads to a strong decrease of litter mixture interactions. Plant and Soil 393:69-82.

Seidelmann, K. N., M. Scherer-Lorenzen, and P. Niklaus. 2016. Direct vs. Microclimate-Driven Effects of Tree
Species Diversity on Litter Decomposition in Young Subtropical Forest Stands. Plos One 11.

Seto, K. C., M. Fragkias, B. Glneralp, and M. K. Reilly. 2011. A Meta-Analysis of Global Urban Land
Expansion. Plos One 6:¢23777.

Shipley, B. 2009. Confirmatory path analysis in a generalized multilevel context. Ecology 90:363-368.

Smoyer, K. E., D. G. C. Rainham, and J. N. Hewko. 2000. Heat-stress-related mortality in five cities in Southern
Ontario: 1980-1996. International Journal of Biometeorology 44:190-197.

Sohretoglu, D., and G. Renda. 2020. The polyphenolic profile of Oak (Quercus) species: a phytochemical and
pharmacological overview. Phytochemistry Reviews 19:1379-1426.

Sokolov, A. P., D. W. Kicklighter, J. M. Melillo, B. S. Felzer, C. A. Schlosser, and T. W. Cronin. 2008.
Consequences of Considering Carbon—Nitrogen Interactions on the Feedbacks between Climate and the
Terrestrial Carbon Cycle. Journal of Climate 21:3776-3796.

Standish, R. J., P. A. Williams, A. W. Robertson, N. A. Scott, and D. I. Hedderley. 2004. Invasion by a Perennial
Herb Increases Decomposition Rate and Alters Nutrient Availability in Warm Temperate Lowland
Forest Remnants. Biological Invasions 6:71-81.

Staude, 1. R., D. M. Waller, M. Bernhardt-Rémermann, A. D. Bjorkman, J. Brunet, P. De Frenne, R. Hédl, U.
Jandt, J. Lenoir, F. Mali§, K. Verheyen, M. Wulf, H. M. Pereira, P. Vangansbeke, A. Ortmann-Ajkai, R.
Pielech, I. Berki, M. Chudomelova, G. Decocq, T. Dirnbéck, T. Durak, T. Heinken, B. Jaroszewicz, M.
Kopecky, M. Macek, M. Malicki, T. Naaf, T. A. Nagel, P. Petiik, K. Reczyniska, F. H. Schei, W. Schmidt,
T. Standovér, K. Swierkosz, B. Teleki, H. Van Calster, O. Vild, and L. Baceten. 2020. Replacements of
small- by large-ranged species scale up to diversity loss in Europe’s temperate forest biome. Nature
Ecology & Evolution 4:802-808.

Sui, R., H. C. Pringle, and E. M. Barnes. 2019. Soil moisture sensor test with mississippi delta soils. Transactions
of the Asabe 62:363-370.

Sun, Y., and S. Zhao. 2016. Leaf litter decomposition in urban forests: test of the home-field advantage
hypothesis. Annals of Forest Science 73:1063-1072.

Swift, M. J., O. W. Heal, J. M. Anderson, and J. Anderson. 1979. Decomposition in terrestrial ecosystems. Univ
of California Press.

Tesler, R., P. Plaut, and R. Endvelt. 2018. The Effects of an Urban Forest Health Intervention Program on
Physical Activity, Substance Abuse, Psychosomatic Symptoms, and Life Satisfaction among Adolescents.
International Journal of Environmental Research and Public Health 15:2134.

Tresch, S., D. Frey, R. C. Le Bayon, A. Zanetta, F. Rasche, A. Fliessbach, and M. Moretti. 2019. Litter
decomposition driven by soil fauna, plant diversity and soil management in urban gardens. Science of
the Total Environment 658:1614-1629.

Tyrviinen, L., A. Ojala, K. Korpela, T. Lanki, Y. Tsunetsugu, and T. Kagawa. 2014. The influence of urban
green environments on stress relief measures: A field experiment. Journal of Environmental Psychology
38:1-9.

UN. 2019. Wotld Utbanization Prospects: The 2018 Revision (ST/ESA/SER.A/420). United Nations,
Departement of Economic and Social Affairs Population Division

New York.

Vaidelys, T., L. Straigyté, and M. Manton. 2020. Effects of Seasonality, Tree Species and Urban Green Space on
Deciduous Leaf Litter Decomposition in Lithuania. Sustainability 12:2210.

van den Bosch, M., and A. Ode Sang. 2017. Urban natural environments as nature-based solutions for improved
public health — A systematic review of reviews. Environmental Research 158:373-384.

van Hove, L. W. A., C. M. J. Jacobs, B. G. Heusinkveld, J. A. Elbers, B. L. van Driel, and A. A. M. Holtslag.
2015. Temporal and spatial variability of urban heat island and thermal comfort within the Rotterdam
agglomeration. Building and Environment 83:91-103.

Vaz, C. M. P., S. Jones, M. Meding, and M. Tuller. 2013. Evaluation of Standard Calibration Functions for Eight
Electromagnetic Soil Moisture Sensors. Vadose Zone Journal 12.

31



895
896
897
898
899
900
901
902
903
904
905
906
907
908
909
910
911
912
913
914
915
916
917
918
919
920
921
922
923
924
925
926
927
928
929
930
931
932
933
934
935
936
937
938
939
940

941

Vaz Monteiro, M., T. Levani¢, and K. J. Doick. 2017. Growth rates of common urban trees in five cities in Great
Britain: A dendrochronological evaluation with an emphasis on the impact of climate. Urban Forestry &
Urban Greening 22:11-23.

Verheyen, K., L. Baeten, P. De Frenne, M. Bernhardt-Romermann, J. Brunet, J. Cornelis, G. Decocq, H.
Dierschke, O. Eriksson, R. Hedl, T. Heinken, M. Hermy, P. Hommel, K. Kirby, T. Naaf, G. Peterken,
P. Petrik, J. Pfadenhauer, H. Van Calster, G. R. Walther, M. Wulf, and G. Verstraeten. 2012. Driving
factors behind the eutrophication signal in understorey plant communities of deciduous temperate
forests. Journal of Ecology 100:352-365.

Wallace, K. J., D. C. Laughlin, B. D. Clarkson, and L. A. Schipper. 2018. Forest canopy restoration has indirect
effects on litter decomposition and no effect on denitrification. Ecosphere 9:e02534.

Wang, B., K. Verheyen, L. Bacten, and P. De Smedt. 2021a. Herb litter mediates tree litter decomposition and
soil fauna composition. Soil Biology and Biochemistry 152:108063.

Wang, X., M. Dallimer, C. E. Scott, W. Shi, and J. Gao. 2021b. Tree species richness and diversity predicts the
magnitude of urban heat island mitigation effects of greenspaces. Science of the Total Environment
770:145211.

Wilson, S. M., D. G. Pyatt, D. C. Malcolm, and T. Connolly. 2001. The use of ground vegetation and humus type
as indicators of soil nutrient regime for an ecological site classification of British forests. Forest Ecology
and Management 140:101-116.

Wolff, N. H., L. R. V. Zeppetello, L. A. Parsons, 1. Aggraeni, D. S. Battisti, K. L. Ebi, E. T. Game, T. Kroeger,
Y. J. Masuda, and J. T. Spector. 2021. The effect of deforestation and climate change on all-cause
mortality and unsafe work conditions due to heat exposure in Berau, Indonesia: a modelling study. The
Lancet. Planetary health.

Wu, Z., P. Dijkstra, G. W. Koch, J. PeNUelas, and B. A. Hungate. 2011. Responses of terrestrial ecosystems to
temperature and precipitation change: a meta-analysis of experimental manipulation. Global Change
Biology 17:927-942.

Wauyts, K., A. De Schrijver, J. Staelens, and K. Verheyen. 2013. Edge Effects on Soil Acidification in Forests on
Sandy Soils Under High Deposition Load. Water, Air, & Soil Pollution 224:1545.

Xie, T., L. Shan, and P. Su. 2020. Drought conditions alter litter decomposition and nutrient release of litter
types in an agroforestry system of China. Ecology and Evolution 10:8018-8029.

Zanaga, D., R. Van De Kerchove, W. De Keersmaecker, N. Souverijns, C. Brockmann, R. Quast, ]. Wevers, A.
Grosu, A. Paccini, S. Vergnaud, O. Cartus, M. Santoro, S. Fritz, I. Georgieva, M. Lesiv, S. Carter, M.
Herold, L. Li, N.-E. Tsendbazar, F. Ramoino, and O. Arino. 2021. ESA WotldCover 10 m 2020 v100.7»
E. S. Agency, editor.

ZLellweger, F., D. Coomes, J. Lenoir, L. Depauw, S. L. Maes, M. Wulf, K. J. Kirby, J. Brunet, M. Kopecky, F.
Malis, W. Schmidt, S. Heinrichs, J. den Ouden, B. Jaroszewicz, G. Buyse, F. Spicher, K. Verheyen, and
P. De Frenne. 2019. Seasonal drivers of understorey temperature buffering in temperate deciduous
forests across Europe. Global Ecology and Biogeography 28:1774-1786.

Zhang, D., D. Hui, Y. Luo, and G. Zhou. 2008. Rates of litter decomposition in terrestrial ecosystems: global
patterns and controlling factors. Journal of Plant Ecology 1:85-93.

Zhang, X., X. Chen, M. Liu, Z. Xu, and H. Wei. 2020. Coupled changes in soil organic carbon fractions and
microbial community composition in urban and suburban forests. Scientific Reports 10:15933.

Zippet, S. C., J. Schatz, C. J. Kucharik, and S. P. Loheide Ii. 2017. Urban heat island-induced increases in
evapotranspirative demand. Geophysical Research Letters 44:873-881.

Ziter, C. D, E. J. Pedersen, C. J. Kucharik, and M. G. Turner. 2019. Scale-dependent interactions between tree
canopy cover and impervious surfaces reduce daytime urban heat during summer. Proceedings of the
National Academy of Sciences of the United States of America 116:7575-7580.

32



