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Background and Context

The text conceptualizes urbanization as a hallmark process of the Anthropocene that coalesces population,
economic activity, and greenhouse gas emissions in spatially constrained nodes, while profoundly
reorganizing land—atmosphere energy exchanges via the urban heat island (UHI) effect and systematically
clevated vapor pressure deficit (VPD). Through the proliferation of sealed surfaces, dense urban
morphology, and the attrition of vegetative cover, cities intensify atmospheric evaporative demand and
hydraulic stress at precisely those locations where arboreal shading and transpiration are most critical for
thermal regulation, such that tree transpiration frequently becomes the dominant conduit of latent heat flux
in heavily sealed environments. Under conditions of sufficient soil moisture, urban trees can depress near-
surface air temperatures by several degrees; yet high VPD and progressive soil water depletion trigger
stomatal down-regulation, curtailing transpiration, constraining cooling capacity, and pushing trees towards
their hydraulic safety margins thereby exposing pronounced interspecific contrasts in drought strategy,
cavitation risk, and ecosystem service delivery. Within this ecohydrological and climatic assemblage, Tilia
cordata is identified as a keystone broadleaf species in Central and Northern European cities, combining
substantial cooling potential under benign conditions with a conservative water-use strategy that sharply
limits fluxes under sustained atmospheric and edaphic stress. The city of Braunschweig, with its
documented street-tree inventory, well-defined urban—peri-urban—rural gradient, and increasingly heat- and
drought-prone temperate climate, is positioned as an exemplary natural laboratory in which to interrogate
these dynamics. The thesis addresses critical gaps in mechanistic understanding and model calibration by
integrating sap-flow monitoring, high-resolution microclimatic observations, and process-based hydraulic
modeling to elucidate how VPD, soil water availability, and stomatal regulation jointly structure T. cordata’s
transpiration, cooling performance, and contribution to climate adaptation within Central European urban
forest systems.
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Figure 1.3. Conceptual framework of urban—rural gradients shaping ecohydrological functioning of Tilia
cordata; Figure 1.3. Conceptual representation of the ecohydrological drivers influencing Tilia cordata across an
urban—peri-urban—rural gradient. The framework highlights spatial contrasts in soil permeability, rooting
conditions, radiation regimes, and atmospheric demand, and illustrates how these factors interact to regulate sap
Sflux density (Js), canopy conductance (Gc), and the degree of canopy—atmosphere coupling (Q). Empirical evidence
from recent studies underscores that soil sealing exerts the strongest limitation on transpiration, while legacy effects
of drought introduce lagged responses rarely captured in current models. The framework identifies key research
gaps and implications for urban forest adaptation under intensifying heat and drought stress.

Summary of Chapter 1

Chapter 1 situates the thesis at the intersection of urban climatology, ecohydrology, and urban forestry,
arguing that Anthropocene urbanization fundamentally alters land—atmosphere exchanges through the
urban heat island (UHI) effect, elevated vapor pressure deficit (VPD), and constrained rooting conditions,
with profound implications for both human thermal comfort and tree functioning. Impervious surfaces,
high-thermal-capacity materials, and reduced vegetation amplify atmospheric evaporative demand and
hydraulic stress, precisely in contexts where urban trees are most needed as regulators of microclimatic
extremes via shading and transpiration. Within this setting, Tilia cordata emerges as a dominant and
functionally important species in Central European cities such as Braunschweig, yet its conservative water-



use strategy and sensitivity to high VPD and limited soil moisture can sharply curtail cooling capacity under
urban stress. A critical gap identified in the literature is the limited mechanistic quantification of how
modified urban microclimates, particularly elevated VPD, soil sealing, and altered radiation regimes
translate into changes in sap flow, canopy conductance, and canopy—atmosphere coupling. Addressing this
gap, the thesis aims (i) to quantify spatiotemporal variation in soil moisture and sap-flow-derived
transpiration of T. cordata across an urban—peri-urban—rural gradient in Braunschweig, and (ii) to assess
how urban intensity modifies canopy conductance and the degree of canopy—atmosphere coupling (Q2), by
integrating long-term field measurements with process-based hydraulic simulations using the SurEau
model. The chapter concludes by outlining the thesis structure, from methodological design to results,
discussion, and implications and by positioning the work as a contribution both to theoretical understanding
of plant—-atmosphere interactions under compounded urban stressors and to the evidence base for climate-
adapted management of urban forests in Central European cities..
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Summary of Introduction

The methodological design directly operationalizes the two central research questions by
combining high-resolution empirical monitoring with process-based hydraulic modeling along an
urban—peri-urban—rural gradient in Braunschweig. Sap flow, soil moisture, and microclimatic
drivers are measured at three contrasting sites (SchillstraBe (sealed inner-city canyon), Georg-
Westermann-Allee (transitional peri-urban avenue), and Prinzenpark (largely unsealed parkland))
to capture systematic variation in urban stress while holding regional climate constant. This
gradient framework enables targeted analysis of how vapor pressure deficit, radiation, and soil
water availability shape transpiration, canopy conductance, and canopy—atmosphere coupling in
Tilia cordata. The empirical datasets are complemented by SurEau-Ecos simulations, which extend
inference beyond the observational record by representing soil-plant—atmosphere feedbacks,
embolism thresholds, and stomatal regulation, while being constrained and calibrated by field data.
By integrating these complementary approaches, the chapter establishes a transparent,
reproducible basis for quantifying ecohydrological responses of T. cordata and their contribution
to urban cooling under intensifying climatic stress.

Summary of Chapter 2

Chapter 2 establishes a tightly integrated empirical-mechanistic framework that translates the
conceptual questions of Chapter 1 into an operational design along an urban—peri-urban—rural
gradient in Braunschweig. Using three sites that share synoptic climate but differ in soil sealing,
rooting volume, and canyon geometry, the study isolates urban-form effects on Tilia cordata
ecohydrology through identical instrumentation: multi-depth soil-moisture profiles, sap-flow
probes, and co-located microclimatic sensors. Volumetric water content is transformed into
relative extractable water (REW), linking soil status directly to stomatal regulation, while sap-flow
measurements are carefully corrected, recalibrated for diffuse-porous xylem, and scaled to whole-
tree transpiration normalized by leaf area. Atmospheric drivers are compiled from nested data
sources and harmonized at 30-minute resolution. These observations are embedded in the SurEau-
Ecos hydraulic model, calibrated at the peri-urban site and transferred across the gradient without
re-tuning, yielding robust but physiologically interpretable deviations. Methodological limitations
(sample size, sap-flow sensitivities, neutral-stability assumptions) are explicitly acknowledged.
Overall, Chapter 2 delivers a reproducible, mechanistically grounded platform for identifying
where along the soil-plant-atmosphere continuum VPD, soil water, and radiation exert the
dominant controls on transpiration and cooling, and for exploring management scenarios relevant
to urban forestry.
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Summary of Introduction

This chapter presents the empirical and modeling results that directly address the two central
research questions: how urbanization alters the water use and cooling services of Tilia cordata
along an urban—peri-urban—rural gradient, and how the underlying ecohydrological mechanisms
can be elucidated by combining high-resolution field data with process-based hydraulic
simulations. The evidence base spans the full soil-plant-atmosphere continuum: vertically
resolved soil-moisture profiles quantify water availability across horizons; sap-flow
measurements, standardized by canopy leaf area, capture spatiotemporal variation in whole-tree
transpiration under contrasting rooting and microclimatic conditions; and meteorological
observations (including derived VPD) define the external atmospheric forcing. These observations
are complemented by SurEau-Ecos simulations, which integrate species-specific hydraulic traits
and site-specific boundary conditions to generate physiologically constrained estimates of
transpiration, canopy conductance, and canopy—atmosphere coupling. Results are organized
systematically—from precipitation and atmospheric drivers, through site-wise soil-moisture and
sap-flow dynamics, to functional relationships among soil water, atmospheric demand, and canopy
conductance, culminating in an evaluation of model performance and a cross-site synthesis of
gradient-level patterns. Interpretation and broader implications are intentionally deferred to
Chapter 4, so that this chapter provides a transparent, reproducible presentation of empirical
findings and model outputs on which subsequent mechanistic and applied inferences are securely
grounded.Schillstrale

Soil Moisture Dynamics and Precipitation

The temporal evolution of precipitation and soil water content at Georg-Westermann-Allee is
shown in Figure 3.3. Rainfall was distributed throughout both years, with frequent events in spring
and early summer and extended intervals of reduced inputs during midsummer. The soil moisture
record demonstrates a clear attenuation of rainfall responses with depth, from rapid and transient
changes in the upper layers to near-invariant conditions at the deepest horizon. At 15 cm depth,
soil water content increased sharply in direct response to individual rainfall events, followed by
rapid depletion within a few days. The frequency and magnitude of these fluctuations indicate that
the upper horizon was highly sensitive to short-term precipitation inputs. At 30 cm depth,
responses were still apparent but smaller in amplitude and shorter in duration. At 50 cm depth,
distinct increases were observed during wetter periods, followed by gradual declines, confirming
that water occasionally penetrated to this intermediate depth. At 100 cm depth, fewer events
produced measurable increases, and the overall dynamics were more buffered and slower to
change. At 200 cm depth, soil water content remained effectively constant over the entire period,
with no discernible evidence of recharge reaching this horizon. These observations confirm that
the actively responsive zone at Georg-Westermann-Allee was confined to the upper 30 cm, with



intermittent transmission of rainfall signals into the 50-100 cm layer during periods of high
precipitation, while the deepest layer remained consistently unaffected across both years.
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Figure 3.3. Daily precipitation (top panel) and volumetric soil water content at 15, 30, 50, 100, and 200 cm

depth at the Georg-Westermann-Allee site, January 2023—-December 2024. The upper horizons responded

strongly and rapidly to rainfall events, intermediate depths registered episodic increases, and the deepest
horizon remained essentially stable.



Sap Flow Dynamics

The seasonal course of sap flow velocity at Georg-Westermann-Allee is shown in Figure 3.4,
presenting observed mean values with associated range alongside simulated transpiration from the
SurEau-Ecos model. Both years displayed a characteristic pattern, with the onset of fluxes in late
spring, maximum activity in summer, and a decline to near-zero values during autumn. In 2023,
sap flow rose rapidly during early summer and reached values close to 100 cm d™' before
decreasing progressively through late summer and ceasing by early autumn. In 2024, the seasonal
trajectory was more extended, with elevated fluxes persisting further into late summer and a slower
decline thereafter. Thus, both years confirmed a pronounced seasonal cycle, with interannual
variability reflected in the duration and persistence of peak activity. The modelled transpiration
reproduced the seasonal envelope with close correspondence to the observations. The timing of
seasonal initiation and cessation was well aligned with measured values, and simulated magnitudes
tracked the observed mean across much of the active period. Minor divergences were present: short
intervals of overestimation during peak summer conditions and a tendency for the simulation to
remain slightly elevated during the late-season decline. These differences, however, did not alter
the overall correspondence between model and measurements. the sap flow record at Georg-
Westermann-Allee demonstrates consistent seasonal dynamics with sustained summer activity in
both years, and the SurEau-Ecos simulation provided a close approximation of both the timing and
magnitude of fluxes at this site.
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Figure 3.4. Observed sap flow velocity of Tilia cordata at the Georg-Westermann-Allee site (green line = mean;
grey shading = range) compared with simulated transpiration from the SurEau-Ecos model (purple line), January



2023—December 2024. The simulation reproduced the seasonal pattern and magnitude with close correspondence,
with only minor deviations during peak and late-season phases.

Prinzenpark
Soil Moisture Dynamics and Precipitation

The temporal record of precipitation and soil moisture at Prinzenpark is presented in Figure 3.5.
Precipitation was recorded throughout both observation years, with the largest cumulative inputs
occurring during late spring and early summer and reduced totals during midsummer. The soil
profile exhibited distinct depth-dependent responses, with rainfall signals consistently transmitted
into horizons well below the surface. At 15 cm depth, soil water content rose sharply following
individual rainfall events and declined within short intervals, producing a highly variable
trajectory. The 30 cm profile displayed a similar response pattern but with reduced amplitudes and
shorter-lived increases, reflecting attenuation of near-surface variability. At 50 cm depth, multiple
recharge events were evident, with moisture levels increasing in direct association with major
precipitation episodes and declining gradually in their aftermath. At 100 cm depth, the profile
exhibited a buffered dynamic: moisture content increased more slowly, declined more gradually,
and retained higher values across intervening dry periods. At 200 cm depth, measurable increases
were recorded in both years, indicating that rainfall inputs consistently penetrated the full depth of
the profile at this site. Taken together, these depth-resolved observations demonstrate that
Prinzenpark maintained the deepest and most persistent recharge among the monitored sites.
Active responses extended through the entire measured profile, with upper horizons characterized
by high variability, intermediate depths by episodic recharge and gradual depletion, and deeper
horizons by sustained moisture accumulation and slow release. This vertical pattern reveals a soil
system capable of buffering moisture availability across extended dry intervals, in contrast to the
shallow-only activity evident in less permeable environments.
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Figure 3.5. Daily precipitation (top panel) and volumetric soil water content at 15, 30, 50, 100, and 200 cm
depth at the Prinzenpark site, January 2023—-December 2024. Shallow horizons responded rapidly to rainfall
events, while intermediate and deep horizons (50-200 cm) registered sustained recharge and gradual
depletion, indicating the presence of a vertically connected and buffered soil water reservoir.

Summary of Chapter 3



Chapter 3 provides the empirical and modeling evidence needed to evaluate how Tilia cordata responds to
contrasting urbanization levels in terms of soil water availability and transpiration along the Schillstral3e—
Georg-Westermann-Allee—Prinzenpark gradient. Despite identical regional precipitation, soil-moisture
profiles diverge systematically with urban intensity: the urban canyon is confined to shallow, highly volatile
horizons with no deep recharge, the peri-urban avenue exhibits intermittent mid-profile recharge and partial
buffering, and the rural park shows full-profile infiltration and a deeply buffered reservoir. These differences
in water storage translate directly into sap-flow behavior, yielding short, unstable transpiration pulses at
Schillstrafe, intermediate and seasonally extended fluxes at Georg-Westermann-Allee, and long, buffered,
high-magnitude transpiration seasons at Prinzenpark. SurEau-Ecos simulations reproduce the broad
seasonal envelopes at all sites, but model skill varies with site stability weakest under the high volatility of
the urban canyon, strongest at the partially buffered peri-urban site, and moderate at the deeply buffered
park. Synthesized in a cross-site comparison, the results delineate a clear ecohydrological continuum from
shallow restriction to deep buffering and establish a robust, transparently presented empirical foundation
on which Chapter 4 will build mechanistic interpretations and management-relevant insights.

Chapter 4



Summary of an introduction to the discussion

Chapter 4 transitions from the strictly descriptive presentation of Chapter 3 to a mechanistic and
interpretive analysis of how urbanization structures the water use and cooling functions of Tilia
cordata. Building on the documented contrasts in soil moisture profiles, sap-flow dynamics, and
SurEau simulations along the Braunschweig urban—peri-urban—rural gradient, the chapter situates
these patterns within the broader frameworks of ecohydrology, urban climatology, and plant
hydraulics. It interrogates how intensified atmospheric demand (elevated VPD and radiation) in
urban cores interacts with spatially constrained and vertically truncated soil water reservoirs, and
how these external pressures are filtered through species-specific regulation of stomatal
conductance and canopy-atmosphere coupling. A further objective is to use the convergences and
discrepancies between model outputs and observations to infer hydraulic traits and soil-plant
feedbacks that are not directly observable. Ultimately, the chapter synthesizes these elements into
a conceptual gradient model of tree water use under escalating urban intensity and derives
implications for urban forestry and climate adaptation, while explicitly acknowledging
methodological limitations and outlining priorities for future research.

Table 4.1. Comparative synthesis of soil-plant—-atmosphere interactions across the Braunschweig gradient (2013—
2014).



. Soil moisture profile . SurEau model Functional
Site Sap-flow trajectory
response agreement outcome
. Recharge confined to  Peaks modest (~60—80 Weakest: Short, fragile
Schillstrafie . . > .
15-30 cm; no signal at ~ cm d '), collapse by underestimated season
(urban) 50-200 cm. Shallow, midsummer; abrupt peaks, exaggerated constrained by
volatile store. midday depression. late persistence. shallow storage.
Georg- Episodic recharge to liﬁaks near 100 cm Strongest: close E)ftended but
Westermann- i . d™!; extended season variable season,
. 50-100 cm; partial L . match to seasonal .
Allee (peri- . with intermittent contingent on
buffering. . envelope.
urban) depressions. recharge.
i >
. Recharge to 200 cm; LEEhET R?aks (G100 Moderate: early onset Long, buffe.red
Prinzenpark ) cm d ), long . season sustained
coherent vertical . and late persistence
(rural) . persistence, gradual . by deep
transmission. . bias. N
decline. connectivity.

Chapter 5



Summary of an Introduction to the Conclusion

The concluding chapter steps back from the technical detail of the preceding chapters to articulate, with the
benefit of hindsight, what this thesis has definitively established about urban tree ecohydrology. It
synthesizes the progression from conceptual framing, through empirical observation and modeling, to
integrative discussion, and argues that the central insight of the Braunschweig gradient study is the
recognition of vertical soil-water connectivity as the decisive axis along which urbanization restructures
the functioning of Tilia cordata. Rather than treating urban impacts as a matter of atmospheric forcing alone,
the thesis demonstrates that differences in the depth, continuity, and recharge of soil water columns across
urban, peri-urban, and rural contexts govern stomatal conductance, canopy—atmosphere coupling, and the
persistence of transpiration under stress and that a mechanistic hydraulic model, appropriately
parameterized, can reproduce and explain these dynamics with interpretable fidelity. The conclusion is thus
positioned not as a recap, but as an integrative and evaluative statement: it aligns the main findings explicitly
with the guiding research questions, consolidates the thesis’ theoretical and empirical contributions to
Central European urban ecohydrology, and translates them into concrete implications for urban forestry and
climate adaptation policy. In doing so, it acknowledges methodological limits while asserting a clear
reframing of urban tree water use (from a problem of “heat and demand” to one fundamentally conditioned
by the structure and accessibility of the soils beneath the canopy) and outlines a forward-looking agenda
for research and practice in resilient urban landscape management.
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