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ABSTRACT

Tree diseases are a growing threat to ecosystem service provision by trees in cities and towns globally. Phytophthora is a wide-
spread genus of plant pathogens (oomycetes) that have contributed to significant tree mortality worldwide; however, there has
been little research into the impact of Phytophthora infection on urban trees or on ecosystem services important for urban pop-
ulations, such as urban cooling. This study utilizes a network of Internet-of-Things linked sap flow sensors and point dendrom-
eters collecting data every ~10min throughout the growing season, combined with ground-based sampling (leaf chlorophyll
content, Leaf Area Index), to monitor the impact of Phytophthora plurivora on mature Common Lime (Tilia X europaea) street
trees, a globally common urban tree species known to be susceptible to Phytophthora. P. plurivora infection disrupted tree water
flux, with an 87% reduction in median diurnal water use in infected trees (24.84 (IQR 77.04) L tree~'day!) compared with
asymptomatic trees (198.36 (IQR 88.22) L tree ! day~1). Infection also significantly reduced stem growth, with median shrinkage
in infected trees of —0.22% (IQR 0.32%) compared with 0.35% (IQR 0.20%) growth in asymptomatic trees over the study period
(May-October). However, infected trees with less disease damage were able to maintain growth and urban cooling similar to
asymptomatic trees during the study period, highlighting the tensions between controlling disease spread and public safety
hazards while maintaining ecosystem service provision. Our research raises questions about the impact of P. plurivora on other
critical ecosystem services and in other common urban tree species and settings.

1 | Introduction

Urban forests provide many ecosystem services that benefit
the urban population and the wider environment, including
improving air quality (Grote et al. 2016), mitigating urban heat
(Schwaab et al. 2021), and improving the health and wellbe-
ing of urban citizens (Wolf et al. 2020). Varying according to
species, large, healthy trees have the greatest capacity to pro-
vide ecosystem services (Hand and Doick 2019; Nowak and
Aevermann 2019). Maintaining existing urban tree cover and

planning future planting to ensure a diverse species selection
is critical to maximize the benefits of urban forests (Sjoman and
Ostberg 2019). However, diseases caused by pests and pathogens
present a major and growing threat, which in isolation, and in
combination with other stressors (e.g., climate change or urban
pollution), are resulting in increasing incidence of widespread
urban tree mortality (e.g., Ordéfiez and Duinker 2015; Liittge and
Buckeridge 2023; Referowska-Chodak 2019; Raum et al. 2023).
Several factors increase the risk and possible scale of disease out-
break in urban forests, and in street trees especially, including
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the increasing trade in plant material to meet tree planting tar-
gets (Hulbert et al. 2017; Sjoman and Ostberg 2019); a typically
low species and genera diversity (e.g., Yang et al. 2012; Stevenson
et al. 2020; Galle et al. 2021); and linear, closely-spaced planting
and regular maintenance (e.g., pruning) (Webb et al. 2023). In
temperate climates like the UK, climate change is projected to
make conditions more favorable for pathogen establishment and
dispersal, with milder and wetter winters (Frederickson-Matika
and Riddell 2021). Extreme summer heat and drought events
will also exacerbate water stress, rendering urban trees more
susceptible to infection (Tubby and Webber 2010; Contreras-
Cornejo et al. 2023).

Phytophthora (Oomycota) is a diverse, widespread genus of fil-
amentous, osmotrophic eukaryotes containing more than 180
species and some of the most destructive plant pathogens in
the world (Judelson and Blanco 2005; Lamour 2013; McGowan
et al. 2020). Phytophthora plurivora is a soil-borne root patho-
gen with a broad range of potential host tree species (Jung and
Burgess 2009; Riddell et al. 2019; Linaldeddu et al. 2020; Taylor
and Griinwald 2021; Green et al. 2021; Landa et al. 2021).
Whilst originating in Asia, P. plurivora is now widespread in
the UK and is commonly detected in soils in woodland environ-
ments, plant nurseries, and public and private gardens (Hulbert
et al. 2017; Green et al. 2021). Common symptoms of P. pluriv-
ora infection include extensive fine root loss, bleeding bark le-
sions, root and collar rot, growth reduction, and eventually leaf
chlorosis and crown dieback (Mrazkova et al. 2010; Jankowiak
et al. 2014; Jung et al. 2018; Linaldeddu et al. 2020; Taylor and
Griinwald 2021). To date, P. plurivora has been implicated in the
widespread decline of European beech (Fagus sylvatica), Oak
(Quercus spp), and Alder (Alnus spp) species in European forests
(Jung et al. 2013; Matsiakh et al. 2020), and foliage blight of or-
namental and forest species in European and North American
nurseries (Parke et al. 2014; Jung et al. 2016). However, few
studies have examined the impacts of P. plurivora on urban tree
growth and physiology or the resulting effect on the capacity of
urban trees to provide ecosystem services (Cleary et al. 2017;
Raum et al. 2023; Dale et al. 2022). Understanding the influ-
ence of P. plurivora on urban tree function is particularly im-
portant as many urban forests around the world are dominated
by Phytophthora host tree species (e.g., Sjoman et al. 2012; Ma
et al. 2020; Stevenson et al. 2020). Disease outbreaks could
therefore have profound and long-lasting impacts on urban for-
est composition and ecosystem service provision (Freer-Smith
and Webber 2017; Mitchell et al. 2019; Roebuck et al. 2022).

Ecosystem services of particular interest to urban tree manag-
ers and policy-makers are the regulation of carbon and water
fluxes by urban trees, due to their impact on climate change,
urban cooling, and flooding (e.g., Pataki et al. 2021; Cavender-
Bares et al. 2022). Tree sap flow, the internal movement of water
and nutrients through sapwood from tree roots to leaves, is an
effective method for estimating tree water status and CO, as-
similation, and for modeling transpiration and evaporative cool-
ing (Winbourne et al. 2020). Sap flow is strongly influenced by
plant traits, such as size and water use efficiency (Helletsgruber
et al. 2020), along with environmental conditions, including the
atmospheric demand for water loss (e.g., vapor pressure deficit)
(Grossiord et al. 2020) and water availability (e.g., Konarska
et al. 2023). While several studies indicate that P. plurivora can

disrupt sap flow and carbon uptake by inhibiting tree water and
nutrient supply (e.g., Parke et al. 2007; Dinis et al. 2011; Vieites-
Blanco et al. 2023), none have so far quantified the impact on
tree water use, carbon sequestration, or cooling in an urban
setting. Measurement of radial stem dynamics can also indicate
tree water status over diel cycles (e.g., Zweifel et al. 2021) and
quantify the allocation of sequestered carbon to woody biomass
over annual timescales (e.g., Simovic et al. 2024). However, few
studies have so far measured short-or long-term radial stem dy-
namics in response to Phytophthora infection, and none in the
context of the urban environment (Davison 2014; Colangelo
et al. 2018; Milanovic et al. 2020).

Here, we address this knowledge-gap by monitoring the impact
of a widespread pathogen, P. plurivora, on the health and func-
tion of street trees in a common urban tree species, common
lime (Tilia X europaea), using Internet of Things-linked sensors
combined with ground-based sampling. Smart sensors can offer
a less labor-intensive method to monitor disease progression in
urban trees, enabling managers to make more rapid, informed
choices (Dahlsjé 2023), but have so far rarely been utilized in
tree disease research or practice (Potamitis et al. 2019). We aim
to answer the following research questions:

1. How does P. plurivora infection affect tree morphological
and physiological traits in Tilia X europaea street trees?

2. How does P. plurivora infection impact stem growth of
Tilia X europaea street trees?

3. To what extent does P. plurivora infection impact water
fluxes and the cooling benefits provided by Tilia X euro-
paea street trees?

2 | Materials and Methods
2.1 | Site Description

Ten mature TiliaXeuropaea trees on neighboring roads in a
suburb of Sheffield, UK (53°22’ N, 1°28’ W), were monitored
throughout May to September, 2022 (Figure 1). The roads are
wide, residential streets with low traffic pressure and moderate
housing and tree planting density. This area of Sheffield is dom-
inated by Tilia avenues that were planted during the late 19th
Century (Nether Edge History Society 2023). The selected trees
are highly likely to be one of two cloned Tilia X europaea culti-
vars (‘Pallida’ or ‘Hatfield”), which comprise most Tilia plant-
ings in the UK (Wolff et al. 2019).

Ten trees were selected—five with no visible signs of disease,
hereafter referred to as asymptomatic Al-5, and five with con-
firmed P. plurivora infection showing visible symptoms such
as canopy dieback and sap bleeds, hereafter referred to as in-
fected P1-5 (Figures 1 and 2). Diameter at breast height (DBH)
ranged from 47.5 to 78.7 cm and tree height from 17.14 to 19.11m
(Table S1), with no significant difference in median DBH or tree
height between asymptomatic and infected trees. All trees were
located in narrow (60-80cm) grass verges, excluding A2 and P5,
which were encased in built material (paving). Phytophthora in-
fection was first confirmed in 2016 by the Forest Research Tree
Health Diagnostic and Advisory Service from tissue samples of
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FIGURE1 |

the infected study trees, with the species identified as P. pluriv-
ora in 2021. Symptoms were first noticed on other trees in the
area in 2008, with some declining trees felled from 2014 to 2017.

There was a drought and three heatwave events during the
study period, from June to August 2022, with the hottest day
(39.4°C) on record occurring in Sheffield in July, exceeding the
previous warmest day (in 2019) by 3.8°C (Barker et al. 2024).
There was also 36% less precipitation between May and August
2022 (163.6 mm) in Sheffield than the long-term (1990-2020) av-
erage (256.9 mm) (Met Office 2024).

2.2 | Tree Morphological Measurements

Tree height, diameter at breast height (DBH) and average leaved-
canopy spread (m) were measured at the start of the study in
May. Projected canopy area (CA) was derived according to:

CA = zr?

where r=average canopy spread in one direction.

2.3 | Tree Sensors

Paired sap flow sensors and point dendrometers were installed
at 3-3.5m height on the north-facing side of each tree between
late March and early May 2022. The sap flow sensors measured

Parks and Greenspaces

T
-
.‘ﬂ{g_ g% o Street trees:

Tilia x europea
®  All other street trees
= Studied trees:
@ Phytophthora

2 km @® Asymptomatic

Location of asymptomatic and Phytophthora plurivora infected study trees within the city of Sheffield.

sap flow every 60min from 11th May to 30th September 2022,
although sensors on trees A3 and P1 were damaged in late May
and July, respectively, so only data prior to this was used for the
following sap flow calculations for these trees. Point dendrom-
eters measured trunk radial growth and air temperature every
15min from 1st April or 9th May (depending on installation
date) until 1st October 2022. Only data from May onwards was
used for stem growth calculations to ensure consistency in the
growth period between trees.

2.3.1 | Sap Flow Parameters

SF4 (UP GmbH Firmensitz, Germany) sap flow sensors mea-
sured sap-flux density via the transient thermal dissipation
method (Granier 1985). The temperature difference between
two insulated, axially aligned 20mm probes inserted into the
xylem was measured every 10min. Data was uploaded wire-
lessly via a LoRA network and processed using the PROSA
application (https://logstar-online.de/), with sap flux density
calculated using the below equation (Granier and Gross 1987):

U=F AT max (night) 1 EG
e ATactual
where U is the sap flux density in ml cm™min™', AT . ion
is the maximum temperature difference between probes during
a period of minimal flow at night (between the hours of 8pm-

6am), AT, , ., is the measured temperature difference between
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FIGURE2 | Images ofsome of the studied trees. A1 and A2: Asymptomatic trees; P2: Infected tree with some canopy dieback; P3 and P4: Infected
trees with significant canopy dieback, leaf chlorosis and bleeding trunk lesions; P5: Infected tree with fewer visible symptoms.

probes at the current time, ATmaX(ni ght)/ATamwl is the dimension-
less ratio between the two temperature differences, F is the
Granier factor=0.714cm/min (=118.99-10~°m/s) and E is the

Granier exponent =1.231 (dimensionless).

Whole-tree sap flow in ml min~' was calculated by multiplying
the sap flux density by the sapwood area for each tree. As no
cores could be taken, sapwood area was approximated accord-
ing to the following equation (Meinzer et al. 2005; Schoppach
et al. 2023):

SA = aDBH?

where SA is the sapwood area in cm?, DBH in c¢cm, and a
and b are regression coefficients. While these are normally
species-specific, no values could be found in the literature for
Tilia X europaea. Instead, coefficients derived from six diffuse-
porous sapwood species by Gebauer et al. (2008), including the

closely related Tilia cordata and Tilia platyphyllos, were used
(Ahongshangbam et al. 2023). Formulae devised by Rahman
et al. (2017) in Tilia cordata street trees (mean DBH 45cm)
were used to account for the variation in sap flux density with
sapwood depth (e.g., Gartner and Meinzer 2005; Rissanen
et al. 2024).

Evaporative cooling by each tree was then calculated accord-
ing to:

E=SFxL,

where E is the energy loss per tree in Watts min~?, SF is whole
tree water use in ml min~!, and L,, is the latent heat of evap-
oration of water (2.45kJg™!) (Rahman et al. 2019). Tree water
use and energy loss per minute were converted to L and kW, re-
spectively, by dividing by 1000. Water use in L m~2day~! and
energy loss in kW m~2day~! were calculated by dividing by the

40f 16

Plant-Environment Interactions, 2025

QSUAIIT suowwo) danear) a[qeoridde oy £q paUIdAOS a1 SA[ONIR Y 3N JO sa[NI 10] AIeIqIT duIjuQ) K3[IAY UO (SUONIPUOI-PUB-SULIA)/ WO KI[1M" KIeIqI[aur[uo//:sdny) suonipuo)) pue swId ], ay) 39S [$z07/90/60] uo Areiqry autjuQ A[ip 1531 Aq $500L €1d/z001°01/10p/wod Ka[im- Kreiqiautjuo//:sdny woiy papeojumo( ‘€ ‘Sz0T ‘S9T9SLST



vertically projected canopy area of each tree and multiplying by
1440 (minutes in a day) (Konarska et al. 2023; 2016; Shashua-
Bar et al. 2023). Mean hourly and daily sap flow, water use and
energy loss for each tree was then calculated across the study
period, before deriving median hourly/daily values for all as-
ymptomatic and infected trees.

2.3.2 | Radial Growth

Tree radial growth (um) was measured using an automatic
potentiometer-based point dendrometer (TOMST, Prague,
Czech Republic) (Matula et al. 2023; Yrttimaa et al. 2023). To
improve data accuracy, loose outer bark was removed from the
stem at the measurement area according to the manufacturer's
recommendations. Data was downloaded manually using sup-
plied software at the end of the study period.

Mean daily radial growth was calculated by averaging stem ra-
dius in um for each tree over the study period, with stem radial
growth change assumed to be symmetrical. Total stem radius
change for each tree was calculated by subtracting the initial
stem radius from the stem radius at the end of the study period.
Change as a percentage of initial diameter was then calculated.
Mean and median daily radial growth, total stem diameter
change, and percentage diameter change were then calculated
for each tree.

2.3.3 | Environmental Conditions

Air temperature was recorded by the point dendrometers every
15min and an hourly average calculated, while hourly relative
humidity was recorded by four additional tree sensors in the
study area. Vapor pressure deficit (VPD), the difference be-
tween the amount of moisture in the air and the amount of
moisture the air can hold at a given temperature, was calculated
according to the following equation (Ouyang and Sun 2024):

RH

7.5Temp
VPD = |1 - <—) X 610.7 % 10
100

237.2+ Temp

Where VPD is the vapor pressure deficit in Pascals (Pa), RH
is relative humidity (%) and Temp is the air temperature (°C)
as recorded by the tree sensors. VPD in kilo-Pascals (kPa) was
calculated by dividing VPD (in Pa) by 1000. Mean temperature,
relative humidity, and VPD values were averaged over 24 h for
the study period and across all asymptomatic and infected trees
where possible.

2.4 | Leaf Area Index

Effective leaf area index (LAI) (or foliage density) was measured
in the middle of the growing season on 28th July 2022 between
11 and 2pm using the LAI-2200 (LI-COR Biosciences, USA).
This was performed according to the manufacturer's method for
isolated trees, with pairs of above and below canopy readings
taken in four compass directions (LI-COR 2019). Due to smaller
canopy clearings and to reduce disturbance by buildings, a 45°

view cap was also used to enable above-ground readings to be
taken as close as possible to each tree. During sampling, sky
conditions were cloud-free and sunny, so a scattering correc-
tion was also taken and applied later using the FV2200 software
package (LI-COR 2019).

2.5 | Leaf Chlorophyll Content

In the middle of the growing season, on 28th July 2022, eight
sunlit leaves per tree were collected and immediately trans-
ported in cool dark conditions to the laboratory for the destruc-
tive measurement of leaf chlorophyll content. Three clips of
known area per leaf were placed in 5mL Dimethylformamide
(DMF) and the chlorophyll was left to extract in solution for at
least 1 week in the fridge. Absorbance was then read at 663.8 nm,
646.8nm, and 480.0nm using a Shimadzu spectrometer (Croft
and Chen 2017). Leaf fresh weight was measured before drying
the leaves in an 80°C oven for at least 48h prior to measuring
leaf dry weight.

2.6 | Statistical Analysis

Statistical analysis was performed in R (version
2023.06.1+ 524). Due to the non-normality of data, the Mann
Whitney U-test was used to compare median values of struc-
tural traits, leaf chlorophyll content, sap flow parameters, and
stem diameter change between asymptomatic and infected
trees. The interquartile range (IQR) is given to indicate the
data variability. Spearman's correlation was used to determine
the relationship between hourly sap flow and environmental
measurements and between different measured traits across
all trees.

3 | Results
3.1 | Tree Morphological and Physiological Traits

With the exception of tree height, all measured traits tend to be
much more varied in infected trees compared with asymptom-
atic trees, and the median value is typically lower (Figure 3).
However, there was no significant difference between median
DBH, height, total canopy spread, or vertically projected can-
opy area in asymptomatic and infected trees, although the
latter two traits were close to being significantly higher in as-
ymptomatic trees (p=0.09) (Figure 3) (full results in Table S1).
Asymptomatic trees had significantly higher median Leaf Area
Index (U=23, n; =5, n,=5, p<0.05) than infected trees, at 3.65
compared with 2.04. However, there was no significant differ-
ence between median leaf chlorophyll content of asymptomatic
and infected trees (p > 0.05).

3.2 | Seasonal and Diurnal Variations in Sap Flow

Daytime sap flow for all asymptomatic trees was highest in May
and June (approximately ~130-400 mLmin~') and gradually de-
clined over the growing season (Figure 4). Two of the infected
trees (P2 and P5) had similar sap flow to asymptomatic trees

50f16

2SUDIT suowwo)) aAnear) a[qesrjdde ay) £q paurdAoS are sa[onIe YO asn JO So[NI 10j AIeIqr auljuQ A3[IA\ UO (SUOTIIPUOI-PUEB-SULID)/WO0D K[ Im " Areiqrjaut[uo//:sd)iy) suonipuo)) pue suLa ], ay) 29§ [$707/90/60] uo Lreiqiy autjuQ L31p 159 £q +:600L €12d/2001°0 1/10p/wiod* Kofim"Kreiqijaurfuo//:sdiy woiy papeoumod ‘€ ‘S70T ‘S9T9SLST



80 o
19.0
E 10.07
704 | 18.5 °
E I—r—] =18.0 & 75
= L= S
E [}
o 50 T 175 g
© 5.01
17.0 ©°
501
2.51 !
. . 16.5 . . - T
Asymptomatic Infected Asymptomatic Infected Asymptomatic Infected
o~
a £ ]
801 | 41 | 5 30
— o
E P =
3] T =
o 39 % 251
< 60 Q
> o
s = 3
c ] £
8 & § 20
349 2
o G
g 1 %
o ]
o o 154
20 . I &
T T T T m T T
Asymptomatic Infected Asymptomatic Infected = Asymptomatic Infected

Tree Disease Status

Tree Disease Status

Tree Disease Status

FIGURE 3 | Structural and physiological traits of asymptomatic and infected trees. Different letters indicate a significant difference (Mann

Whitney U-test, p <0.05) between median traits. Horizontal black lines indicate median, boxes show inter-quartile range (IQR), whiskers show low-

est and highest values within 1.5x IQR, and points denote outliers.

in May, August (~100-250mLmin~!) and September (daytime
mean: ~70 mLmin~!) but showed a slight decline in peak summer
(June and July) (daytime mean: ~90 mL min') (Figure 4). Mean
sap flow during the night (Figure S1) was lower than during the
day for all asymptomatic trees and the two aforementioned in-
fected trees (night-time mean: ~14-20mLmin~!). The remain-
ing infected trees (P1, P3, and P4) had low, largely unchanging
sap flow during the day and night and throughout the growing
season (approximately ~8-20mLmin~"!) (Figure 4). Across the
whole growing season (May-September), median daytime sap
flow was significantly higher in asymptomatic trees (133.22,
IQR 87.25mLmin™') compared with infected trees (27.06, IQR
82.27mLmin™") (U=23,n,=5,n,=5, p<0.01). Median sap flow
during the night was also significantly higher in asymptomatic
trees (21.91, IQR 16.37mLmin') compared with infected trees
(11.60, IQR 10.43mLmin™") (U=23,n,=5,n,=5, p<0.01).

All asymptomatic trees and two infected trees (P2 and P5)
exhibit a typical diurnal sap flow pattern, increasing in the
morning, peaking and stabilizing during the middle of the day
(approximately ~100-200 mL min~"'), before declining overnight
(Figure 5). In contrast, three of the infected trees (P1, P3, and
P4) did not follow this pattern, with low and unchanging mean
daily sap flow (Figure 5) (approximately 7-20mL min~?).

Median hourly sap flow was strongly positively correlated with
mean hourly air temperature (Spearman's rho=0.93, n=>5,
p<0.001) and VPD (Spearman's rtho=0.83, n=>5, p<0.001)
(Figure 6a) in asymptomatic trees. There was a weaker

correlation between median hourly sap flow and mean hourly
VPD (Spearman's tho=0.77, n=5, p<0.01) and air tempera-
ture (Spearman's tho=0.70, n=5, p<0.01) in infected trees
(Figure 6b). The sap flow of asymptomatic trees also displays
a clear hysteretic pattern (time lag) in response to VPD and air
temperature; however, this is not apparent in the infected trees
(Figure 6). Interestingly, there was a trend of reduced sap flow
with increased relative humidity in infected trees (Spearman's
rho=-0.39, n=5, p=0.06), but not in asymptomatic trees
(p>0.05) (Figure 6).

3.3 | Variations in Radial Stem Dynamics Across
the Growing Season

Between April-October, tree stem diameter increased in all as-
ymptomatic trees by a median value of 1196 um (ranging from
728 to 3177 um) (Figure 7a) (full results provided in Table S2).
Stem diameter increased in two infected trees (P1 and P5) over
the same period, by 192 and 864 um respectively, while declin-
ing in the other three infected trees by 764-799 um (Figure 7b)
(full results provided in Table S2).

There was a significant difference between the change in me-
dian stem diameter across the growing season between asymp-
tomatic (1196, IQR 977um) and infected (—764, IQR 973 um)
trees (Mann-Whitney U-test: U=23, n, =5, n,=5, p<0.05).
There was also a significant difference between the median
percentage stem diameter change of asymptomatic and infected
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FIGURE 4 | Diurnal sap flow for (a) asymptomatic trees and (b) infected trees, and (c) mean diurnal air temperature, (d) VPD and (e) relative
humidity throughout the growing season. Faded lines show mean sap flow for each tree as detailed in figure legends, median for asymptomatic trees
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were damaged during the study, hence missing data. Temperature data was collected from point dendrometers on each tree, with dashed line show-

ing mean temperature and calculated VPD for infected trees, solid line showing mean for asymptomatic trees. Relative humidity was collected from

additional tree sensors in the study area.

trees (Mann-Whitney U-test: U=25, n,=5, n,=5, p<0.01).
During the study period, the stem diameter of asymptomatic
trees increased by a median of 0.35% (IQR 0.20%) of initial di-
ameter (ranging from 0.22% to 0.93%), while the trunk diameter
of infected trees decreased by a median of —0.22% (IQR 0.32%)
of initial diameter (ranging from —0.30% to 0.36%) (full results
provided in Table S2).

3.4 | The Impact of P. Plurivora Infection on
Ecosystem Service Provision

Across the growing season, median diurnal energy loss (in-
dicating urban cooling through evapotranspiration) per tree
is significantly lower in infected trees compared with asymp-
tomatic trees, at 60.86 (IQR 188.74) kW tree~'day~! compared
with 485.97 (IQR 216.13) kW tree~'day~' (Mann-Whitney U-
test: U=23, n, =5, n,=5, p<0.05) (Figure 8a). There was also
a significant difference in median energy loss per tree over-
night (Mann-Whitney U-test: U=23, n, =5, n,=5, p<0.05),
being higher in asymptomatic trees, at 80.58 (IQR 4.24) kW
tree~!day~!, compared with infected trees, at 38.62(IQR 21.58)
tree!day~! (Figure 8a).

There was also a significant difference between median diur-
nal energy loss per canopy area (Mann-Whitney U-test: U=23,
n, =5, n,=5, p<0.05), with median energy loss in asymptom-
atic trees being higher at 6.74 (IQR 1.85) kW m? day~! compared
with 3.32 (IQR 1.63) kW m? day~! in infected trees (Figure 8b).
Interestingly, although there was no significant difference in
median energy loss overnight (p>0.05), infected trees had
slightly higher energy loss per m?, at 1.65 (IQR 0.74) kW, than
asymptomatic trees, at 0.99 (IQR 0.24) kW (Figure 8b).

The same trend is apparent for water use, given this is used to
calculate energy loss. Per tree, median water use is significantly
higher in asymptomatic trees than in infected trees during the
day, at 198.36 (IQR 88.22) L tree~'day~! and 24.84 (IQR 77.04)
L tree'day’!, respectively (Mann-Whitney U-test: U=23,
n, =5, n,=5, p<0.05). At night, the differences are smaller but
remain significant, at 32.89 (IQR 1.73) L tree~'day~! and 15.76
(IQR 8.81) L tree~'day~! for asymptomatic trees and infected
trees, respectively (Mann-Whitney U-test: U=23, n; =5, n,=5,
p<0.05; full results in Figure S2). Per canopy area, median
water use during the day is significantly higher in asymptomatic
compared with infected trees, at 2.75 (IQR 0.76) L m? day~! and
1.35 (IQR 0.67) L m? day~?, respectively. There is no significant
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difference in water use per canopy area overnight (p > 0.05), al-
though it is slightly higher in infected trees (median 0.67, IQR
0.30Lm?day~! compared with 0.40, IQR 0.09 Lm?day~! for as-
ymptomatic trees) (full results in Figure S2).

3.5 | Correlation Between Tree Traits and Fluxes

Across all trees, there is a strong, significant positive correla-
tion between sap flow during the day and night (Spearman’s
rho=0.92,n=10, p<0.001) (Figure 9a). Correlation between the
other measured traits and fluxes is generally weaker, although
it is significant between LAI and diurnal sap flow (Spearman’s
rho=0.66, n=10, p<0.05), and between nocturnal sap flow and
total stem radius change (Spearman’s rho=0.65, n=10, p <0.05)
(Figure 9b,c). The correlation between LAI and leaf chlorophyll
content is marginally significant (Spearman’s rho=0.62, n=10,
p=0.06) (Figure 9d).

Generally, and as indicated by the significant positive correla-
tions, the measured traits/fluxes tend to increase concurrently
in the study trees. There are however some notable exceptions.

For example, of the asymptomatic trees, A3 had the highest sap
flow, leaf area index, and leaf chlorophyll content (day/night
mean sap flow=158.47/22.84mLmin}, mean chlorophyll con-
tent=25.70 ugcm?, LAT=4.02), yet the lowest stem radial growth
(728 wm, 0.23% of initial diameter) (Figure 9). Of the infected trees,
P2 had similar sap flow and leaf area index as asymptomatic trees
(day/night mean sap flow=115.62/19.51mLmin~!, LAI=2.55),
but a large decline in stem radius (=781 pum, or —0.22% of initial
diameter) (Figure 9), while P4 had similar leaf chlorophyll content
and leaf area index as asymptomatic trees (mean chlorophyll con-
tent=28.20ugcm?, LAI=2.04), but the lowest sap flow (day/night
mean: ~9mLmin) and second largest stem radial shrinkage
(=799 um, or —0.26% of initial diameter) (Figure 9).

4 | Discussion

This study investigated the impact of P. plurivora infection
on the physiological and morphological traits, growth, and
water fluxes of 10 established Tilia X europaea (common lime)
street trees using Internet-of-Things sap flow sensors, point
dendrometers, and ground-based sampling. While the results
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should be interpreted with caution given the small sample
size, the research provides valuable insights into the impact of
P. plurivora on urban T X europaea trees and demonstrates the
potential of Internet of Things-linked sensors for urban tree dis-
ease monitoring.

Overall, we found that P. plurivora infection significantly sup-
pressed trunk radial growth, LAI, sap flow, and urban cooling
potential. In contrast, while crown dieback and reduced can-
opy area were observed in the infected trees, the trend was
not significant, and the disease also had no significant effect
on tree DBH, height, leaf chlorophyll content, or nocturnal
water fluxes per canopy area. However, there was some vari-
ation in the extent to which the infected trees were impacted.
Two trees (P1 and P3) had consistently lower values in all
measured traits, while one (P5) had consistently high values
that were similar to asymptomatic trees, with the remaining
two trees displaying more mixed symptoms (Figure 9). We
hypothesize that this variation is driven by the spread and
stage of disease. Although the pathogenicity of P. plurivora in
Tx europaea is unknown due to a lack of studies in this tree
species, tissue inoculation trials have shown a close relative,
T. cordata, to have some resistance (Orlikowski et al. 2011;
Cleary et al. 2017). Any genetic differences in disease resis-
tance between the study trees are likely to be minimal given
that they are cloned cultivars (Wolff et al. 2019) of a similar
age. Furthermore, while disease spread and severity can be
influenced by growth conditions and tree tolerance (Jung

et al. 2018), the planting situation (e.g., density, Figure 2) and
environmental conditions, such as air temperature and VPD
(e.g., Figures 4 and 5), were analogous between study sites.
As it can take several years of inoculum buildup and root de-
struction before above-ground symptoms of Phytophthora in-
fection, as measured here, show in mature trees (Erwin and
Ribeiro 1996; Lamour 2013), it follows that the trees with
more pronounced and consistent symptoms (P1 and P3) are
at a more advanced stage of disease compared with the other
study trees. However, we cannot confirm this theory as no
measurements of pathogen density were taken in this study,
and the exact date of infection for each tree is unknown. It
is also possible that variation between trees in unmeasured
growth conditions, such as soil quality, influenced host re-
sponse and disease spread and severity (e.g., Jung et al. 2018).

The lack of a significant impact on most morphological and
physiological traits in the tree canopy—tree height, canopy
spread/vertically projected canopy area, and leaf chlorophyll
content—Ilikely reflects variation in disease severity (due to
inherent tree resistance or stage of progression) in the infected
trees. Root pathogens like P. plurivora tend to have fewer spe-
cific visible symptoms in tree crowns, resulting mostly from
long-term, secondary stressors, such as malnutrition and water
deficit due to root and stem tissue damage (e.g., Orlikowski
et al. 2011; Jung et al. 2018; Linaldeddu et al. 2020), increased
herbivory (e.g., Milanovi¢ et al. 2015) or photosystem dam-
age (e.g., Durkovi¢ et al. 2021), rather than direct pathogen
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activity. Hence, it is typically the case that only trees with ad-
vanced infection display these symptoms (Lamour 2013). It
may also explain the mixed symptoms in P4, which had simi-
lar LAT and chlorophyll content as asymptomatic trees but sig-
nificantly suppressed sap flux and radial growth (Figures 3,
5 and 7). In contrast to related morphological traits (e.g., es-
timated canopy area), a statistically significant difference in
LAT is likely because this measure can better account for het-
erogeneous canopy symptoms, such as canopy dieback, leaf
chlorosis, and reductions in leaf size (e.g., Jung et al. 2018).
Although the LAI-2200 has been shown to underestimate
LAI in single street trees (e.g., Klingberg et al. 2017), LAI es-
timates measured here correlate well with visual differences
in leaf area (Figure 2), as well as measured canopy spread,
vertically projected canopy area, and leaf chlorophyll content
(Table S1). P. plurivora infection could therefore impact the
urban cooling benefits provided by urban trees via shading,
given that high LAT and canopy density are key traits for this
(e.g., Rahman et al. 2020).

P. plurivora disease was associated with a significant reduction
in tree water fluxes and stem radial growth, declining by approx-
imately 87% and 164%, respectively. There was, however, varia-
tion in trunk diameter, water use, and energy loss in infected

trees, with some trees showing clear deterioration in function,
but others (P2 and P5) similar to asymptomatic trees. While P.
plurivora infection also disrupted tree sap flow response to en-
vironmental drivers, there was similar variation. Overall, the
correlation of median hourly sap flow with environmental vari-
ables that typically increase water loss through evapotranspira-
tion, such as warmer temperatures and vapor pressure deficit
(VPD) (e.g., Grossiord et al. 2020), is weaker in infected trees
compared with asymptomatic trees (Figure 6), suggesting inhi-
bition of sap flow. Furthermore, while asymptomatic trees show
typical hysteresis in sap flow response to VPD and air tempera-
ture, a phenomenon documented in a range of tree species in
natural and urban environments (e.g., Chen et al. 2011; Wan
et al. 2023) and partially controlled by plant hydraulic proper-
ties (e.g., Zhang et al. 2014), infected trees do not (Figure 6). In
contrast, the correlation with environmental variables that typ-
ically reduce water demand, such as high humidity (e.g., Cao
et al. 2024), is higher in infected trees compared with asymp-
tomatic trees (Figure 6). The impact of P. plurivora in disrupting
tree sap flow response is particularly stark overnight, where noc-
turnal sap fluxes in three of the infected trees (P1, P3, and P4)
are essentially unchanged from those during the day (Figures 4
and 8, Figure S2). Typically, sap flow declines overnight in re-
sponse to reduced photosynthesis and atmospheric demand for
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evapotranspiration (Forster 2014), as in all asymptomatic and
the remaining two infected trees (P2 and P5) (Figures 4 and 8,
Figure S2).

Disrupted water and growth fluxes in P1, P3, and P4 are highly
likely to be due to advanced P. plurivora infection, which has
been shown to inflict significant damage to root and vascular
tissues, including via root decay (e.g., Mrazkovd et al. 2010;
Linaldeddu et al. 2020; Matsiakh et al. 2020), stem lesions, and
collar rot (Orlikowski et al. 2011; Mrazkova et al. 2013; Cleary
et al. 2017; Haque et al. 2014; Jankowiak et al. 2014; Corcobado
et al. 2020), destruction of phloem tissue (Clemenz et al. 2008;
Durkovi¢ et al. 2021), and occlusion of xylem vessels via patho-
gen hyphae and induced tyloses (Jung and Blaschke 1996; Parke
et al. 2007; Brown and Brasier 2007; Vieites-Blanco et al. 2023).
Significant stem shrinkage in two of these trees (P3, P4) indi-
cates that the impairment of root and stem functionality due
to pathogen activity could also be leading to hydraulic failure
(e.g., Davison 2014; Flower et al. 2018). This may have been ex-
acerbated by the abnormally hot and dry conditions in the study
year, with impaired response of these trees to increasing atmo-
spheric water demand. Other research has, for example, found
that Phytophthora infection can render trees more susceptible
to drought (e.g., de Sampaio e Paiva Camilo-Alves et al. 2013;
Corcobado et al. 2014; Colangelo et al. 2018). In P2, which shows
significant stem shrinkage but comparatively normal water
fluxes and canopy traits, it may be that stem tissue damage is
currently mild and/or largely confined to the phloem, with min-
imal xylem damage enabling relatively normal functionality to
persist (e.g., Durkovi¢ et al. 2021). The lack of a significant ef-
fect of P. plurivora infection on nocturnal energy loss and water
use per canopy area is likely because the calculated canopy area
of the infected trees, particularly those with more advanced
dieback, tended to be smaller—for P1 and P3 it was only ap-
proximately a quarter of the projected area of the largest asymp-
tomatic trees (~20m? vs. 80m?), for example (Table S1)—while
nocturnal water fluxes in more impacted trees tended to show
little difference to those during the day (e.g., Figure 5). This
would also explain their slightly higher estimates of water use
and energy loss per canopy area overnight (Figure 8).

By inhibiting water transport, P. plurivora infection also im-
poses a significant reduction—approximately 87%—in the
median transpirational urban cooling potential of T X euro-
paea street trees (Figure 8). This is higher than has previously
been measured in urban T. europaea, T. cordata, and other tree
species due to hydraulic regulation in response to heat and
drought events and urban conditions that restrict water avail-
ability, such as surface sealing (Rahman et al. 2017; Konarska
et al. 2023). Changes in tree water fluxes will also impact the
capacity of trees to sequester carbon. At the leaf-level, there is
a strong correlation between transpiration and CO, assimila-
tion (Chaves 1991), which can be scaled-up using sap flow (i.e.,
whole tree transpiration) to indicate whole-tree carbon assim-
ilation (e.g., Kdstner et al. 2008; Wang et al. 2014). Hence, re-
ductions in sap flow, and thereby transpiration, for example
due to water stress, have been shown to lead to reductions in
CO, assimilation (Hu et al. 2010; Zhang et al. 2019). Although
our results show that the asymptomatic trees were not water
stressed in the study year—maintaining high rates of sap flow
despite isolated heat and drought events—other work in Tilia

street trees has found a reduction in sap flow and transpi-
ration in response to both similar and more extreme events
(e.g., Rahman et al. 2017; Rotzer et al. 2021; Ahongshangbam
et al. 2023). The synergistic effects of climate change and
urban conditions could therefore exacerbate the negative im-
pacts of Phytophthora infection on urban trees, including their
capacity to regulate water and carbon fluxes, as well as ren-
dering them more susceptible to infection (Werbin et al. 2020;
Esperon-Rodriguez et al. 2022). Despite this, little research
has so far been conducted on the impact of tree disease on
the ecosystem services, particularly urban cooling, provided
by urban trees (Raum et al. 2023).

Overall, this research highlights that there are potential
trade-offs to consider in terms of management (i.e., tree re-
moval) to limit the hazards from tree decline and further
disease spread against the ecosystem services provided by
well-functioning diseased trees, particularly large-stature,
mature trees that have the greatest capacity to provide eco-
system services (Freer-Smith and Webber 2017; Hand and
Doick 2019; Dahlsjo 2023). More work on tree disease in the
urban context is critical to improve our understanding of fac-
tors that may influence urban tree disease severity, and to in-
form sustainable urban forest management in response to tree
disease outbreaks.

5 | Conclusion

The results of this study have found that P. plurivora disease
can significantly suppress morphological and physiological
parameters in Tilia X europaea street trees, causing an 87%
reduction in urban cooling. However, some trees, possibly at
earlier stages of infection, are able to maintain physiology,
growth, and ecosystem service benefits similar to asymptom-
atic trees. Given the growing threats of climate change and
disease outbreaks in urban forests, further research is needed
on the progression and impact of Phytophthora on other com-
mon urban tree species and important ecosystem services,
particularly urban cooling. This will help to inform manage-
ment and planting guidelines to create more resilient, sustain-
able urban forests.

Acknowledgments

Thisresearch was funded by the Natural Environment Research Council
on a PhD Scholarship and a Knowledge Exchange Fellowship (NE/
X000443/1), and by the Engineering and Physical Sciences Research
Council (EPSRC) under grant no. EP/N030095/1. We would also like to
thank Sheffield City Council, Sheffield Tree Action Group (STAG) and
local residents for their support, and Anna Harris from Forest Research
for providing records on Phytophthora infection of Tilia X europaea in
the UK.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

The data that supports the findings of this study are available in the
supplementary material of this article.

12 of 16

Plant-Environment Interactions, 2025

2SUDIT suowwo)) aAnear) a[qesrjdde ay) £q paurdAoS are sa[onIe YO asn JO So[NI 10j AIeIqr auljuQ A3[IA\ UO (SUOTIIPUOI-PUEB-SULID)/WO0D K[ Im " Areiqrjaut[uo//:sd)iy) suonipuo)) pue suLa ], ay) 29§ [$707/90/60] uo Lreiqiy autjuQ L31p 159 £q +:600L €12d/2001°0 1/10p/wiod* Kofim"Kreiqijaurfuo//:sdiy woiy papeoumod ‘€ ‘S70T ‘S9T9SLST



References

Ahongshangbam, J., L. Kulmala, J. Soininen, et al. 2023. “Sap Flow
and Leaf Gas Exchange Response to a Drought and Heatwave in Urban
Green Spaces in a Nordic City.” Biogeosciences 20: 4455-4475. https://
doi.org/10.5194/bg-20-4455-2023.

Barker, L. J., J. Hannaford, E. Magee, et al. 2024. “An Appraisal of the
Severity of the 2022 Drought and Its Impacts.” Weather 79: 208-219.
https://doi.org/10.1002/wea.4531.

Brown, A. V., and C. M. Brasier. 2007. “Colonization of Tree Xylem
by Phytophthora Ramorum, P. Kernoviaesand Other Phytophthora
Species.” Plant Pathology 56: 227-241. https://doi.org/10.1111/j.1365-
3059.2006.01511.x.

Cao, Y., Y. Wang, N. Zhang, C. Ning, Y. Bai, and J. Jia. 2024. “Response
of Sap Flow Trends of Conifer and Broad-Leaved Trees to Rainfall
Types in Sub-Humid Climate Region of China.” Watermark 16, no. 1:
95. https://doi.org/10.3390/w16010095.

Cavender-Bares, J. M., E. Nelson, J. E. Meireles, et al. 2022. “The
Hidden Value of Trees: Quantifying the Ecosystem Services of Tree
Lineages and Their Major Threats Across the Contiguous US.” PLOS
Sustainability and Transformation 1, no. 4: e0000010. https://doi.org/
10.1371/journal.pstr.0000010.

Chaves, M. M. 1991. “Effects of Water Deficits on Carbon Assimilation.”
Journal of Experimental Botany 42, no. 1: 1-16. https://doi.org/10.1093/
jxb/42.1.1.

Chen, L., Z. Zhang, Z. Li, J. Tang, P. Caldwell, and W. Zhang. 2011.
“Biophysical Control of Whole Tree Transpiration Under an Urban
Environment in Northern China.” Journal of Hydrology 402, no. 3-4:
388-400, ISSN 0022-1694. https://doi.org/10.1016/j.jhydrol.2011.03.034.

Cleary, M. R., M. Blomquist, R. R. Vetukuri, H. Bohlenius, and J.
Witzell. 2017. “Susceptibility of Common Tree Species in Sweden to
Phytophthora Cactorum, P. Cambivora and P. Plurivora.” Fortschritte
der Physik 47: €12329. https://doi.org/10.1111/efp.12329.

Clemenz, C., F. Fleischmann, K.-H. Héberle, R. Matyssek, and W.
Ofiwald. 2008. “Photosynthetic and Leaf Water Potential Responses of
Alnus glutinosa Saplings to Stem-Base Inoculation with Phytophthora
alni subsp. alni.” Tree Physiology 28: 1703-1711. https://doi.org/10.1093/
treephys/28.11.1703.

Colangelo, M., J. J. Camarero, M. Borghetti, et al. 2018. “Drought and
Phytophthora Are Associated With the Decline of Oak Species in
Southern Italy.” Frontiers in Plant Science 9: 1595. https://doi.org/10.
3389/fpls.2018.01595.

Contreras-Cornejo, H., J. Larsen, S. Ferndndez-Pavia, and K. Oyama.
2023. “Climate Change, a Booster of Disease Outbreaks by the Plant
Pathogen Phytophthora in Oak Forests.” Rhizosphere 27: 100719.
https://doi.org/10.1016/j.rhisph.2023.100719.

Corcobado, T., T. L. Cech, M. Brandstetter, et al. 2020. “Decline of
European Beech in Austria: Involvement of Phytophthora spp. and
Contributing Biotic and Abiotic Factors.” Forests 11, no. 8: 895. https://
doi.org/10.3390/£11080895.

Corcobado, T., E. Cubera, E. Juarez, G. Moreno, and A. Solla. 2014.
“Drought Events Determine Performance of Quercus Ilex Seedlings
and Increase Their Susceptibility to Phytophthora Cinnamomic.”
Agricultural and Forest Meteorology 192: 1-8. https://doi.org/10.1016/j.
agrformet.2014.02.007.

Croft, H., and J. Chen. 2017. “Leaf pigment content.” Comprehensive
Remote Sensing 3:117-142.

Dahlsjo, C. A. L. 2023. “Strategies to Manage Tree Pest and Disease
Outbreaks: A Balancing Act.” BMC Ecology and Evolution 23: 70.
https://doi.org/10.1186/s12862-023-02184-0.

Dale, A. L., N. Feau, J. A. Berube, J. Ponchart, G. J. Bilodeau, and R.
C. Hamelin. 2022. “Urban Environments Harbor Greater Oomycete
and Phytophthora Diversity, Creating a Bridgehead for Potential New

Pathogens to Natural Ecosystems.” Environmental DNA 4, no. 5: 1039-
1051. https://doi.org/10.1002/edn3.300.

Davison, E. M. 2014. “Resolving Confusions About Jarrah Dieback
- Don't Forget the Plants.” Australasian Plant Pathology 43: 691-701.
https://doi.org/10.1007/s13313-014-0302-y.

de Sampaio e Paiva Camilo-Alves, C., M. L. E. da Clara, and N. M. C.
de Almeida Ribeiro. 2013. “Decline of Mediterranean Oak Trees and
Its Association With Phytophthora Cinnamomi: A Review.” European
Journal of Forest Research 132: 411-432. https://doi.org/10.1007/s1034
2-013-0688-z.

Dinis, L.-T., F. Peixoto, C. Zhang, L. Martins, R. Costa, and J. Gomes-
Laranjo. 2011. “Physiological and Biochemical Changes in Resistant
and Sensitive Chestnut (Castanea) Plantlets After Inoculation With
Phytophthora cinnamomi.” Physiological and Molecular Plant Pathology
75, no. 4: 146-156, issn 0885-5765. https://doi.org/10.1016/j.pmpp.2011.
04.003.

Durkovi¢, J., T. Bubenikova, A. Guzmerova, et al. 2021. “Effects of
Phytophthora Inoculations on Photosynthetic Behaviour and Induced
Defence Responses of Plant Volatiles in Field-Grown Hybrid Poplar
Tolerant to Bark Canker Disease.” Journal of Fungi (Basel) 7, no. 11: 969.
https://doi.org/10.3390/jof7110969.

Erwin, D. C., and O. K. Ribeiro. 1996. Phytophthora Diseases Worldwide.
APS Press.

Esperon-Rodriguez, M., M. G. Tjoelker, J. Lenoir, et al. 2022. “Climate
Change Increases Global Risk to Urban Forests.” Nature Climate
Change 12: 950-955. https://doi.org/10.1038/s41558-022-01465-8.

Flower, C. E., D. J. Lynch, K. S. Knight, and M. A. Gonzalez-Meler.
2018. “Biotic and Abiotic Drivers of Sap Flux in Mature Green Ash Trees
(Fraxinus pennsylvanica) Experiencing Varying Levels of Emerald Ash
Borer (Agrilus planipennis) Infestation.” Forests 9: 301. https://doi.org/
10.3390/£9060301.

Forster, M. 2014. “How Significant Is Nocturnal Sap Flow?” Tree
Physiology 34, no. 7: 757-765. https://doi.org/10.1093/treephys/tpu051.

Frederickson-Matika, D., and C. Riddell. 2021. “Climate Change and
Tree Diseases: How Are Root Pathogens Likely to Be Influenced by
Climate Change?” [Fact sheet]. Forest Research, Surrey.

Freer-Smith, P. H., and J. F. Webber. 2017. “Tree Pests and Diseases:
The Threat to Biodiversity and the Delivery of Ecosystem Services.”
Biodiversity and Conservation 26: 3167-3318. https://doi.org/10.1007/
$10531-015-1019-0.

Galle, N., D. Halpern, S. Nitoslawski, F. Duarte, C. Ratti, and F. Pilla.
2021. “Mapping the Diversity of Street Tree Inventories Across Eight
Cities Internationally Using Open Data.” Urban Forestry & Urban
Greening 61: 127099. https://doi.org/10.1016/j.ufug.2021.127099.

Gartner, B. L., and F. C. Meinzer. 2005. “15—Structure-Function
Relationships in Sapwood Water Transport and Storage.” In
Physiological Ecology, edited by N. M. Holbrook and M. A. Zwieniecki,
307-331. Academic Press. https://doi.org/10.1016/B978-012088457-5/
50017-4.

Gebauer, T., V. Horna, and C. Leuschner. 2008. “Variability in Radial
Sap Flux Density Patterns and Sapwood Area Among Seven Co-
Occurring Temperate Broad-Leaved Tree Species.” Tree Physiology 28,
no. 12: 1821-1830. https://doi.org/10.1093/treephys/28.12.1821.

Granier, A. 1985. “Une nouvelle methode pour la mesure du flux de seve
brute dans le tronc des arbres.” Annals of Science & Forestry 42:193-200.

Granier, A., and P. Gross. 1987. “Mesure du flux de séve brute dans
le tronc du Douglas par une nouvelle méthode thermique.” Annals of
Forest Science 44, no. 1: 1-14.

Green, S., D. E. L. Cooke, M. Dunn, et al. 2021. “PHYTO-THREATS:
Addressing Threats to UK Forests and Woodlands From Phytophthora;
Identifying Risks of Spread in Trade and Methods for Mitigation.”
Forests 12, no. 12: 1617. https://doi.org/10.3390/f12121617.

13 0of 16

2SUDIT suowwo)) aAnear) a[qesrjdde ay) £q paurdAoS are sa[onIe YO asn JO So[NI 10j AIeIqr auljuQ A3[IA\ UO (SUOTIIPUOI-PUEB-SULID)/WO0D K[ Im " Areiqrjaut[uo//:sd)iy) suonipuo)) pue suLa ], ay) 29§ [$707/90/60] uo Lreiqiy autjuQ L31p 159 £q +:600L €12d/2001°0 1/10p/wiod* Kofim"Kreiqijaurfuo//:sdiy woiy papeoumod ‘€ ‘S70T ‘S9T9SLST


https://doi.org/10.5194/bg-20-4455-2023
https://doi.org/10.5194/bg-20-4455-2023
https://doi.org/10.1002/wea.4531
https://doi.org/10.1111/j.1365-3059.2006.01511.x
https://doi.org/10.1111/j.1365-3059.2006.01511.x
https://doi.org/10.3390/w16010095
https://doi.org/10.1371/journal.pstr.0000010
https://doi.org/10.1371/journal.pstr.0000010
https://doi.org/10.1093/jxb/42.1.1
https://doi.org/10.1093/jxb/42.1.1
https://doi.org/10.1016/j.jhydrol.2011.03.034
https://doi.org/10.1111/efp.12329
https://doi.org/10.1093/treephys/28.11.1703
https://doi.org/10.1093/treephys/28.11.1703
https://doi.org/10.3389/fpls.2018.01595
https://doi.org/10.3389/fpls.2018.01595
https://doi.org/10.1016/j.rhisph.2023.100719
https://doi.org/10.3390/f11080895
https://doi.org/10.3390/f11080895
https://doi.org/10.1016/j.agrformet.2014.02.007
https://doi.org/10.1016/j.agrformet.2014.02.007
https://doi.org/10.1186/s12862-023-02184-0
https://doi.org/10.1002/edn3.300
https://doi.org/10.1007/s13313-014-0302-y
https://doi.org/10.1007/s10342-013-0688-z
https://doi.org/10.1007/s10342-013-0688-z
https://doi.org/10.1016/j.pmpp.2011.04.003
https://doi.org/10.1016/j.pmpp.2011.04.003
https://doi.org/10.3390/jof7110969
https://doi.org/10.1038/s41558-022-01465-8
https://doi.org/10.3390/f9060301
https://doi.org/10.3390/f9060301
https://doi.org/10.1093/treephys/tpu051
https://doi.org/10.1007/s10531-015-1019-0
https://doi.org/10.1007/s10531-015-1019-0
https://doi.org/10.1016/j.ufug.2021.127099
https://doi.org/10.1016/B978-012088457-5/50017-4
https://doi.org/10.1016/B978-012088457-5/50017-4
https://doi.org/10.1093/treephys/28.12.1821
https://doi.org/10.3390/f12121617

Grote, R., R. Samson, R. Alonso, et al. 2016. “Functional Traits of Urban
Trees: Air Pollution Mitigation Potential.” Frontiers in Ecology and the
Environment 14, no. 10: 543-550. https://doi.org/10.1002/fee.1426.

Grossiord, C., T. N. Buckley, L. A. Cernusak, et al. 2020. “Plant
Responses to Rising Vapor Pressure Deficit.” New Phytologist 226: 1550~
1566. https://doi.org/10.1111/nph.16485.

Hand, K., and K. Doick. 2019. Understanding the Role of Urban Tree
Management on Ecosystem Services. Forest Research.

Haque, M. M., P. Martinez-Alvarez, J. M. Lomba, J. Martin-Garcia, and
J.J. Diez. 2014. “First Report of Phytophthora Plurivora Causing Collar
Rot on Common Alder in Spain.” Plant Disease 98: 425.

Helletsgruber, C., S. Gillner, A. Gulyés, R. R. Junker, E. Tanécs, and A.
Hof. 2020. “Identifying Tree Traits for Cooling Urban Heat Islands—A
Cross-City Empirical Analysis.” Forests 11: 1064. https://doi.org/10.
3390/f11101064.

Hu, J., D. J. P. Moore, D. A. Riveros-Iregui, S. P. Burns, and R. K.
Monson. 2010. “Modeling Whole-Tree Carbon Assimilation Rate
Using Observed Transpiration Rates and Needle Sugar Carbon Isotope
Ratios.” New Phytologist 185: 1000-1015. https://doi.org/10.1111/j.1469-
8137.2009.03154.x.

Hulbert, J. M., M. C. Agne, T. I. Burgess, F. Roets, and M. J. Wingfield.
2017. “Urban Environments Provide Opportunities for Early Detections
of Phytophthora Invasions.” Biological Invasions 19: 3629-3644. https://
doi.org/10.1007/s10530-017-1585-z.

Jankowiak, R., H. Stepniewska, P. Bilanski, and M. Kolatik. 2014.
“Occurrence of Phytophthora Plurivora and Other Phytophthora
Species in Oak Forests of Southern Poland and Their Association With
Site Conditions and the Health Status of Trees.” Folia Microbiologica 59:
531-542. https://doi.org/10.1007/s12223-014-0331-5.

Judelson, H., and F. Blanco. 2005. “The Spores of Phytophthora:
Weapons of the Plant Destroyer.” Nature Reviews Microbiology 3: 47-58.
https://doi.org/10.1038/nrmicrol064.

Jung, T., and H. Blaschke. 1996. “Phytophthora Root Rot in Declining
Forest Trees.” Phyton (b Aires) 36: 95-102.

Jung, T., and T. I. Burgess. 2009. “Re-Evaluation of Phytophthora
Citricola Isolates From Multiple Woody Hosts in Europe and North
America Reveals a New Species, Phytophthora Plurivora sp. Nov.”
Persoonia 22: 95-110.

Jung, T., L. Orlikowski, B. Henricot, et al. 2016. “Widespread
Phytophthora Infestations in European Nurseries Put Forest, Semi-
Natural and Horticultural Ecosystems at High Risk of Phytophthora
Diseases.” Forest Pathology 46: 134-163.

Jung, T., A. Pérez-Sierra, A. Durdn, M. J. Horta, Y. Balci, and B. Scanu.
2018. “Canker and Decline Diseases Caused by Soil-and Airborne
Phytophthora Species in Forests and Woodlands.” Persoonia 40:
182-220.

Jung, T., A. M. Vettraino, T. Cech, and A. Vannini. 2013. “The Impact of
Invasive Phytophthora Species on European Forests.” In Phytophthora:
A Global Perspective, edited by K. Lamour, 146-158. CABI.

Klingberg, J., J. Konarska, F. Lindberg, L. Johansson, and S. Thorsson.
2017. “Mapping Leaf Area of Urban Greenery Using Aerial LiDAR and
Ground-Based Measurements in Gothenburg, Sweden.” Urban Forestry
& Urban Greening 26: 31-40, ISSN 1618-8667. https://doi.org/10.1016/j.
ufug.2017.05.011.

Konarska, J., L. Tarvainen, O. Bicklin, M. Réntfors, and J. Uddling.
2023. “Surface Paving More Important Than Species in Determining
the Physiology, Growth and Cooling Effects of Urban Trees.” Landscape
and Urban Planning 240: 104872, ISSN 0169-2046. https://doi.org/10.
1016/j.landurbplan.2023.104872.

Kostner, B., M. Matyssek, H. Heilmeier, D. Clausnitzer, A. Nunn, and G.
Wieser. 2008. “Sap Flow Measurements as a Basis for Assessing Trace-
Gas Exchange of Trees.” Flora-Morphology, Distribution, Functional

Ecology of Plants 203, no. 1: 14-33. https://doi.org/10.1016/j.flora.2007.
09.001.

Lamour, K. H., ed. 2013. Phytophthora: A Global Perspective. CABI.

Landa, B. B., L. F. Arias-Giraldo, B. Henricot, M. Montes-Borrego, L.
A. Shuttleworth, and A. Pérez-Sierra. 2021. “Diversity of Phytophthora
Species Detected in Disturbed and Undisturbed British Soils Using
High-Throughput Sequencing Targeting ITS rRNA and COI mtDNA
Regions.” Forests 12: 229. https://doi.org/10.3390/£12020229.

LI-COR. 2019. “LAI-2200C Plant Canopy Analyser Instruction
Manual.” [Apparatus and software]. https://licor.app.boxenterprise.
net/s/fqjn5mlu8cla7zir5qel.

Linaldeddu, B., C. Bregant, L. Montecchio, F. Favaron, and L. Sella.
2020. “First Report of Phytophthora Acerina, P. Pini, and P. Plurivora
Causing Root Rot and Sudden Death of Olive Trees in Italy.” Plant
Disease 104, no. 3: 996.

Liittge, U., and M. Buckeridge. 2023. “Trees: Structure and Function
and the Challenges of Urbanization.” Trees 37: 9-16. https://doi.org/10.
1007/s00468-020-01964-1.

Ma, B., R. Hauer, H. Wei, et al. 2020. “An Assessment of Street Tree
Diversity: Findings and Implications in the United States.” Urban
Forestry & Urban Greening 56: 126826. https://doi.org/10.1016/j.ufug.
2020.126826.

Matsiakh, I., V. Kramarets, and M. Cleary. 2020. “Occurrence and
Diversity of Phytophthora Species in Declining Broadleaf Forests in
Western Ukraine.” Forest Pathology 51: e12662. https://doi.org/10.1111/
efp.12662.

Matula, R., S. Knifova, J. Vitimvas, et al. 2023. “Shifts in Intra-Annual
Growth Dynamics Drive a Decline in Productivity of Temperate Trees
in Central European Forest Under Warmer Climate.” Science of the
Total Environment 905: 166906. https://doi.org/10.1016/j.scitotenv.2023.
166906.

Met Office. 2024. “MIDAS Open: UK Hourly Weather Observation Data,
v202407.” NERC EDS Centre for Environmental Data Analysis, 06 August
2024. https://doi.org/10.5285/c50776e4903942cdb329589da70b83fe.

McGowan, J., R. O'Hanlon, R. A. Owens, and D. A. Fitzpatrick. 2020.
“Comparative Genomic and Proteomic Analyses of Three Widespread
Phytophthora Species: Phytophthora Chlamydospora, Phytophthora
Gonapodyides and Phytophthora Pseudosyringae.” Microorganisms 8,
no. 5: 653. https://doi.org/10.3390/microorganisms8050653.

Meinzer, F. C., B. J. Bond, J. M. Warren, and D. R. Woodruff. 2005.
“Does Water Transport Scale Universally With Tree Size?” Functional
Ecology 19: 558-565.

Milanovi¢, S., J. Lazarevi¢, D. Karadzi¢, et al. 2015. “Belowground
Infections of the Invasive Phytophthora Plurivora Pathogen Enhance
the Suitability of Red Oak Leaves to the Generalist Herbivore Lymantria
Dispar.” Ecological Entomology 40: 479-482. https://doi.org/10.1111/
een.12193.

Milanovi¢, S., I. Milenkovi¢, J. Dobrosavljevi¢, et al. 2020. “Growth
Rates of Lymantria dispar Larvae and Quercus robur Seedlings at
Elevated CO, Concentration and Phytophthora Plurivora Infection.”
Forests 11: 1059. https://doi.org/10.3390/f11101059.

Mitchell, R. J., P. E. Bellamy, C. J. Ellis, et al. 2019. “Collapsing
Foundations: The Ecology of the British Oak, Implications of its Decline
and Mitigation Options.” Biological Conservation 233: 316-327. https://
doi.org/10.1016/j.biocon.2019.03.040.

Mrazkova, M., K. Cerny, M. TomsSovsky, et al. 2010. “First Report of
Root Rot of Pedunculate Oak and Other Forest Tree Species Caused by
Phytophthora Plurivora in The Czech Republic.” Plant Disease 94, no. 2:
272. https://doi.org/10.1094/PDIS-94-2-0272B.

Mrazkov4, M., K. Cerny, M. Tomgovsky, et al. 2013. “Occurrence of
Phytophthora Multivora and Phytophthora Plurivora in The Czech
Republic.” Plant Protection Science 49: 155-164.

14 of 16

Plant-Environment Interactions, 2025

2SUDIT suowwo)) aAnear) a[qesrjdde ay) £q paurdAoS are sa[onIe YO asn JO So[NI 10j AIeIqr auljuQ A3[IA\ UO (SUOTIIPUOI-PUEB-SULID)/WO0D K[ Im " Areiqrjaut[uo//:sd)iy) suonipuo)) pue suLa ], ay) 29§ [$707/90/60] uo Lreiqiy autjuQ L31p 159 £q +:600L €12d/2001°0 1/10p/wiod* Kofim"Kreiqijaurfuo//:sdiy woiy papeoumod ‘€ ‘S70T ‘S9T9SLST


https://doi.org/10.1002/fee.1426
https://doi.org/10.1111/nph.16485
https://doi.org/10.3390/f11101064
https://doi.org/10.3390/f11101064
https://doi.org/10.1111/j.1469-8137.2009.03154.x
https://doi.org/10.1111/j.1469-8137.2009.03154.x
https://doi.org/10.1007/s10530-017-1585-z
https://doi.org/10.1007/s10530-017-1585-z
https://doi.org/10.1007/s12223-014-0331-5
https://doi.org/10.1038/nrmicro1064
https://doi.org/10.1016/j.ufug.2017.05.011
https://doi.org/10.1016/j.ufug.2017.05.011
https://doi.org/10.1016/j.landurbplan.2023.104872
https://doi.org/10.1016/j.landurbplan.2023.104872
https://doi.org/10.1016/j.flora.2007.09.001
https://doi.org/10.1016/j.flora.2007.09.001
https://doi.org/10.3390/f12020229
https://licor.app.boxenterprise.net/s/fqjn5mlu8c1a7zir5qel
https://licor.app.boxenterprise.net/s/fqjn5mlu8c1a7zir5qel
https://doi.org/10.1007/s00468-020-01964-1
https://doi.org/10.1007/s00468-020-01964-1
https://doi.org/10.1016/j.ufug.2020.126826
https://doi.org/10.1016/j.ufug.2020.126826
https://doi.org/10.1111/efp.12662
https://doi.org/10.1111/efp.12662
https://doi.org/10.1016/j.scitotenv.2023.166906
https://doi.org/10.1016/j.scitotenv.2023.166906
https://doi.org/10.5285/c50776e4903942cdb329589da70b83fe
https://doi.org/10.3390/microorganisms8050653
https://doi.org/10.1111/een.12193
https://doi.org/10.1111/een.12193
https://doi.org/10.3390/f11101059
https://doi.org/10.1016/j.biocon.2019.03.040
https://doi.org/10.1016/j.biocon.2019.03.040
https://doi.org/10.1094/PDIS-94-2-0272B

Nether Edge History Society. 2023. Marnock in Nether Edge. Sheffield
Botanical Gardens Trust. https://www.sbg.org.uk/celebrating-marno
ck/marnock-in-nether-edge.

Nowak, D. J., and T. Aevermann. 2019. “Tree Compensation Rates:
Compensating for the Loss of Future Tree Values.” Urban Forestry &
Urban Greening 41: 93-103. https://doi.org/10.1016/j.ufug.2019.03.014.

Ordoéiiez, C., and P. N. Duinker. 2015. “Climate Change Vulnerability
Assessment of the Urban Forest in Three Canadian Cities.” Climatic
Change 131: 531-543. https://doi.org/10.1007/s10584-015-1394-2.

Orlikowski, L. B., M. Ptaszek, A. Rodziewicz, J. Nechwatal, K.
Thinggaard, and T. Jung. 2011. “Phytophthora Root and Collar Rot of
Mature Fraxinus excelsior in Forest Stands in Poland and Denmark.”
Forest Pathology 41: 510-519.

Ouyang, Y., and C. Sun. 2024. “A Copula Approach for Predicting Tree
Sap Flow Based on Vapor Pressure Deficit.” Forests 15: 695. https://doi.
0rg/10.3390/£15040695.

Parke,J.L.,B.J.Knaus, V.J. Fieland, C. Lewis, and N. J. Griinwald. 2014.
“Phytophthora Community Structure Analyses in Oregon Nurseries
Inform Systems Approaches to Disease Management.” Phytopathology
104:1052-1062.

Parke, J. L., E. Oh, S. Voelker, E. M. Hansen, G. Buckles, and B.
Lachenbruch. 2007. “Phytophthora Ramorum Colonizes Tanoak Xylem
and Is Associated With Reduced Stem Water Transport.” Phytopathology
97: 1558-1567. https://doi.org/10.1094/PHYTO-97-12-1558.

Pataki, D., M. Alberti, M. Cadenasso, et al. 2021. “The Benefits and
Limits of Urban Tree Planting for Environmental and Human Health.”
Frontiers in Ecology and Evolution 9: 603757. https://doi.org/10.3389/
fevo.2021.603757.

Potamitis, I., I. Rigakis, N. A. Tatlas, and S. Potirakis. 2019. “In-Vivo
Vibroacoustic Surveillance of Trees in the Context of the I0T.” Sensors
(Basel) 19, no. 6: 1366. https://doi.org/10.3390/s19061366.

Rahman, M., A. Moser, T. Rotzer, and S. Pauleit. 2017. “Microclimatic
Differences and Their Influence on Transpirational Cooling of Tilia
Cordata in Two Contrasting Street Canyons in Munich, Germany.”
Agricultural and Forest Meteorology 232: 443-456 ISSN 0168-1923.
https://doi.org/10.1016/j.agrformet.2016.10.006.

Rahman, M., A. Moser, T. Rotzer, and S. Pauleit. 2019. “Comparing
the transpirational and shading effects of two contrasting urban
tree species.” Urban Ecosyst 22: 683-456. https://doi.org/10.1007/
$11252-019-00853-x.

Rahman, M., L. Stratopoulos, A. Moser-Reischl, et al. 2020. “Traits
of Trees for Cooling Urban Heat Islands: A Meta-Analysis.” Building
and Environment 170: 106606. https://doi.org/10.1016/j.buildenv.2019.
106606.

Raum, S., C. M. Collins, J. Urquhart, C. Potter, S. Pauleit, and M. Egerer.
2023. “Tree Insect Pests and Pathogens: A Global Systematic Review of
Their Impacts in Urban Areas.” Urban Ecosystem 26: 587-604. https://
doi.org/10.1007/511252-022-01317-5.

Referowska-Chodak, E. 2019. “Pressures and Threats to Nature Related
to Human Activities in European Urban and Suburban Forests.” Forests
10, no. 9: 765. https://doi.org/10.3390/f10090765.

Riddell, C. E., D. Frederickson-Matika, A. C. Armstrong, et al. 2019.
“Metabarcoding Reveals a High Diversity of Woody Host-Associated
Phytophthora spp. in Soils at Public Gardens and Amenity Woodlands
in Britain.” PeerJ 7: €6931. https://doi.org/10.7717/peerj.6931.

Rissanen, K., G. Lapa, D. Houle, D. Kneeshaw, and A. Paquette. 2024.
“Large Variation in the Radial Patterns of Sap Flow Among Urban
Trees.” Agricultural and Forest Meteorology 345: 109848. ISSN 0168-
1923. https://doi.org/10.1016/j.agrformet.2023.109848.

Roebuck, A., L. Hurley, and D. Slater. 2022. “Assessing the Species
Diversity and Vulnerability of Urban Tree Populations in the London

Borough of Westminster.” Urban Forestry & Urban Greening 74. ISSN
1618-8667: 127676. https://doi.org/10.1016/j.ufug.2022.127676.

Rotzer, T., A. Moser-Reischl, M. Rahman, et al. 2021. “Urban Tree
Growth and Ecosystem Services Under Extreme Drought.” Agricultural
and Forest Meteorology 308: 108532 ISSN 0168-1923. https://doi.org/10.
1016/j.agrformet.2021.108532.

Schoppach, R., K. P. Chun, and J. Klaus. 2023. “Allometric Relations
Between DBH and Sapwood Area for Predicting Stand Transpiration:
Lessons Learned From the Quercus Genus.” European Journal of Forest
Research 142: 797-809. https://doi.org/10.1007/s10342-023-01558-9.

Schwaab, J., R. Meier, G. Mussetti, S. Seneviratne, C. Biirgi, and E.
L. Davin. 2021. “The Role of Urban Trees in Reducing Land Surface
Temperatures in European Cities.” Nature Communications 12: 6763.
https://doi.org/10.1038/s41467-021-26768-w.

Shashua-Bar, L., M. A.Rahman, A. Moser-Reischl, et al. 2023. “Do Urban
Tree Hydraulics Limit Their Transpirational Cooling? A Comparison
Between Temperate and Hot Arid Climates.” Urban Climate 49: 101554.

Simovic, M., K. E. Mueller, S. M. McMahon, and J. S. Medeiros. 2024.
“Functional Traits and Size Interact to Influence Growth and Carbon
Sequestration Among Trees in Urban Greenspaces.” Functional Ecology
38:967-983. https://doi.org/10.1111/1365-2435.14505.

Sjéman, H., and J. Ostberg. 2019. “Vulnerability of Ten Major Nordic
Cities to Potential Tree Losses Caused by Longhorned Beetles.” Urban
Ecosystem 22: 385-395. https://doi.org/10.1007/s11252-019-0824-8.

Sjéman, H., J. Ostberg, and O. Biihler. 2012. “Diversity and Distribution
of the Urban Tree Population in Ten Major Nordic Cities.” Urban
Forestry & Urban Greening 11, no. 1: 31-39. https://doi.org/10.1016/j.
ufug.2011.09.004.

Stevenson, P. C., M. 1. Bidartondo, R. Blackhall-Miles, et al. 2020. “The
State of the World's Urban Ecosystems: What Can We Learn From
Trees, Fungi, and Bees?” Plants, People, Planet 2020, no. 2: 482-498.
https://doi.org/10.1002/ppp3.10143.

Taylor, C., and N. Griinwald. 2021. “Growth, Infection and
Aggressiveness of Phytophthora Pathogens on Rhododendron Leaves.”
CABI Agricultural Biosciences 2: 26. https://doi.org/10.1186/s43170-021-
00048-5.

Tubby, K. V., and J. F. Webber. 2010. “Pests and Diseases Threatening
Urban Trees Under a Changing Climate.” Forestry 83, no. 4: 451-459.

Vieites-Blanco, C., M. Colangelo, J. J. Camarero, et al. 2023.
“Pathogenicity of Phytophthora and Halophytophthora Species on
Black Alder and the Host Histological Response.” Mycological Progress
22:71. https://doi.org/10.1007/s11557-023-01923-3.

Wan, L., Q. Zhang, L. Cheng, et al. 2023. “What Determines the Time
Lags of Sap Flux With Solar Radiation and Vapor Pressure Deficit?”
Agricultural and Forest Meteorology 333: 109414. https://doi.org/10.
1016/j.agrformet.2023.109414.

Wang, H., P. Zhao, L. L. Zou, et al. 2014. “CO2 Uptake of a Mature
Acacia Mangium Plantation Estimated From Sap Flow Measurements
and Stable Carbon Isotope Discrimination.” Biogeosciences 11: 1393—
1411. https://doi.org/10.5194/bg-11-1393-2014.

Webb, C., E. Avramidis, M. Castle, R. Stutt, and C. Gilligan. 2023.
“Modelling the Spread of Tree Pests and Pathogens in Urban Forests.”
Urban Forestry & Urban Greening 86 1618-8667: 128036. https://doi.org/
10.1016/j.ufug.2023.128036.

Werbin, Z. R., L. Heidari, S. Buckey, et al. 2020. “A Tree-Planting
Decision Support Tool for Urban Heat Mitigation.” PLoS One 15, no. 10:
€0224959.

Winbourne, J., T. Jones, S. Garvey, et al. 2020. “Tree Transpiration and
Urban Temperatures: Current Understanding, Implications, and Future
Research Directions.” Bioscience 70, no. 7: 576-588. https://doi.org/10.
1093/biosci/biaa055.

150f 16

2SUDIT suowwo)) aAnear) a[qesrjdde ay) £q paurdAoS are sa[onIe YO asn JO So[NI 10j AIeIqr auljuQ A3[IA\ UO (SUOTIIPUOI-PUEB-SULID)/WO0D K[ Im " Areiqrjaut[uo//:sd)iy) suonipuo)) pue suLa ], ay) 29§ [$707/90/60] uo Lreiqiy autjuQ L31p 159 £q +:600L €12d/2001°0 1/10p/wiod* Kofim"Kreiqijaurfuo//:sdiy woiy papeoumod ‘€ ‘S70T ‘S9T9SLST


https://www.sbg.org.uk/celebrating-marnock/marnock-in-nether-edge
https://www.sbg.org.uk/celebrating-marnock/marnock-in-nether-edge
https://doi.org/10.1016/j.ufug.2019.03.014
https://doi.org/10.1007/s10584-015-1394-2
https://doi.org/10.3390/f15040695
https://doi.org/10.3390/f15040695
https://doi.org/10.1094/PHYTO-97-12-1558
https://doi.org/10.3389/fevo.2021.603757
https://doi.org/10.3389/fevo.2021.603757
https://doi.org/10.3390/s19061366
https://doi.org/10.1016/j.agrformet.2016.10.006
https://doi.org/10.1007/s11252-019-00853-x
https://doi.org/10.1007/s11252-019-00853-x
https://doi.org/10.1016/j.buildenv.2019.106606
https://doi.org/10.1016/j.buildenv.2019.106606
https://doi.org/10.1007/s11252-022-01317-5
https://doi.org/10.1007/s11252-022-01317-5
https://doi.org/10.3390/f10090765
https://doi.org/10.7717/peerj.6931
https://doi.org/10.1016/j.agrformet.2023.109848
https://doi.org/10.1016/j.ufug.2022.127676
https://doi.org/10.1016/j.agrformet.2021.108532
https://doi.org/10.1016/j.agrformet.2021.108532
https://doi.org/10.1007/s10342-023-01558-9
https://doi.org/10.1038/s41467-021-26768-w
https://doi.org/10.1111/1365-2435.14505
https://doi.org/10.1007/s11252-019-0824-8
https://doi.org/10.1016/j.ufug.2011.09.004
https://doi.org/10.1016/j.ufug.2011.09.004
https://doi.org/10.1002/ppp3.10143
https://doi.org/10.1186/s43170-021-00048-5
https://doi.org/10.1186/s43170-021-00048-5
https://doi.org/10.1007/s11557-023-01923-3
https://doi.org/10.1016/j.agrformet.2023.109414
https://doi.org/10.1016/j.agrformet.2023.109414
https://doi.org/10.5194/bg-11-1393-2014
https://doi.org/10.1016/j.ufug.2023.128036
https://doi.org/10.1016/j.ufug.2023.128036
https://doi.org/10.1093/biosci/biaa055
https://doi.org/10.1093/biosci/biaa055

Wolf, K. L., S. T. Lam, J. K. McKeen, G. R. A. Richardson, M. van den
Bosch, and A. C. Bardekjian. 2020. “Urban Trees and Human Health: A
Scoping Review.” International Journal of Environmental Research and
Public Health 17, no. 12: 4371. https://doi.org/10.3390/ijerph17124371.

Wolff, K., O. K. Hansen, S. Couch, L. Moore, H. Sander, and S. Logan.
2019. “Tilia Cultivars in Historic Lime Avenues and Parks in the UK,
Estonia and Other European Countries.” Urban Forestry & Urban
Greening 43: 126346. https://doi.org/10.1016/j.ufug.2019.05.008.

Yang, J., J. Zhou, Y. Ke, and J. Xiao. 2012. “Assessing the Structure
and Stability of Street Trees in Lhasa, China.” Urban Forestry & Urban
Greening 11: 432-438.

Yrttimaa, T., S. Junttila, V. Luoma, et al. 2023. “Capturing Seasonal
Radial Growth of Boreal Trees With Terrestrial Laser Scanning.” Forest
Ecology and Management 529: 120733. https://doi.org/10.1016/j.foreco.
2022.120733.

Zhang, C., L. M. F. Stratopoulos, H. Pretzsch, and T. Rétzer. 2019. “How
Do Tilia cordata Greenspire Trees Cope With Drought Stress Regarding
Their Biomass Allocation and Ecosystem Services?” Forests 10, no. 8:
676. https://doi.org/10.3390/f10080676.

Zhang, Q., S. Manzoni, G. Katul, A. Porporato, and D. Yang. 2014.
“The Hysteretic Evapotranspiration—Vapor Pressure Deficit Relation.”
Journal of Geophysical Research: Biogeosciences 119: 125-140. https://
doi.org/10.1002/20131G002484.

Zweifel, R., F. Sterck, S. Braun, et al. 2021. “Why Trees Grow at Night.”
New Phytologist 231: 2174-2185. https://doi.org/10.1111/nph.17552.

Supporting Information

Additional supporting information can be found online in the
Supporting Information section.

16 of 16

Plant-Environment Interactions, 2025

2SUDIT suowwo)) aAnear) a[qesrjdde ay) £q paurdAoS are sa[onIe YO asn JO So[NI 10j AIeIqr auljuQ A3[IA\ UO (SUOTIIPUOI-PUEB-SULID)/WO0D K[ Im " Areiqrjaut[uo//:sd)iy) suonipuo)) pue suLa ], ay) 29§ [$707/90/60] uo Lreiqiy autjuQ L31p 159 £q +:600L €12d/2001°0 1/10p/wiod* Kofim"Kreiqijaurfuo//:sdiy woiy papeoumod ‘€ ‘S70T ‘S9T9SLST


https://doi.org/10.3390/ijerph17124371
https://doi.org/10.1016/j.ufug.2019.05.008
https://doi.org/10.1016/j.foreco.2022.120733
https://doi.org/10.1016/j.foreco.2022.120733
https://doi.org/10.3390/f10080676
https://doi.org/10.1002/2013JG002484
https://doi.org/10.1002/2013JG002484
https://doi.org/10.1111/nph.17552

	Impact of Phytophthora Disease on the Growth, Physiology and Ecosystem Services of Common Lime (Tilia × europaea) Street Trees
	ABSTRACT
	1   |   Introduction
	2   |   Materials and Methods
	2.1   |   Site Description
	2.2   |   Tree Morphological Measurements
	2.3   |   Tree Sensors
	2.3.1   |   Sap Flow Parameters
	2.3.2   |   Radial Growth
	2.3.3   |   Environmental Conditions

	2.4   |   Leaf Area Index
	2.5   |   Leaf Chlorophyll Content
	2.6   |   Statistical Analysis

	3   |   Results
	3.1   |   Tree Morphological and Physiological Traits
	3.2   |   Seasonal and Diurnal Variations in Sap Flow
	3.3   |   Variations in Radial Stem Dynamics Across the Growing Season
	3.4   |   The Impact of P. Plurivora Infection on Ecosystem Service Provision
	3.5   |   Correlation Between Tree Traits and Fluxes

	4   |   Discussion
	5   |   Conclusion
	Acknowledgments
	Conflicts of Interest
	Data Availability Statement
	References


