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ABSTRACT

ENGLISH

Rainfall intensification is reshaping carbon-water dynamics in tropical
drylands, yet the mechanisms governing respiration responses to rainfall
pulses remain poorly quantified. This study investigates the ecophysiological
drivers of Birch-pulses in an East African semi-arid savanna using the eddy-
covariance technique between 2018-2020. High-frequency fluxes were
segmented into rainfall-pulse sequences and analysed through empirical and
data-driven modelling frameworks, including a moisture corrected method
(Rmoisture), an event segmented Peak-Tail (Rer) model, and an explainable
machine-learning model known as XGBoost.

The Rer formulation reproduced respiration dynamics with higher accuracy
(R2 = 0.70; RMSE = 1.56 pmol m~2 s™1) than temperature-only and Rmoisture,
successfully capturing short-term flux peaks and decay trajectories. SHAP-
based feature importance revealed that hydrological rate and antecedent
dryness metrics dominated variability, while temperature exerted a
secondary, modulating influence. These results confirm that respiration
pulses arise primarily from complex abrupt dry-wet transitions rather than
rainfall magnitude or mean soil moisture.

Collectively, the findings advance the understanding of how antecedent
hydrology, rewetting intensity, and thermal context interact to shape
respiration in drylands. By integrating empirical and machine-learning
approaches, this work provides a mechanistic framework for scaling and
applying pulse-focused respiration partitioning to dryland sites across the
region and beyond.
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FRANCAIS

L'intensification des précipitations modifie la dynamique carbone-eau dans
les zones tropicales arides, mais les mécanismes régissant les réponses
respiratoires aux impulsions pluviales restent mal quantifiés. Cette étude
examine les facteurs écophysiologiques des impulsions pluviales dans une
savane semi-aride d'Afrique de UEst a l'aide de la technique de covariance
des turbulences entre 2018 - 2020. Les flux a haute fréquence ont été
segmentés en séquences d'impulsions pluviales et analysés a l'aide de cadres
de modélisation empiriques et basés sur les données, notamment une
méthode corrigée en fonction de 'humidité (Rmoisture), Un modéle Peak-Tail
(Rer) segmenté par événement et une approche XGBoost explicable.

La formulation Rer a reproduit la dynamique de la respiration avec une plus
grande précision (R2 = 0,70 ; RMSE = 1,56 pmol m~2 s™') que la température
seule et Rmoisture, capturant avec succes les pics de flux a court terme et
les trajectoires de décroissance. L'importance des caractéristiques basée sur
SHAP a révélé que le taux hydrologique et les mesures de sécheresse
antérieure dominaient la variabilité, tandis que la température exercait une
influence secondaire et modulatrice. Ces résultats confirment que les
impulsions respiratoires proviennent principalement de transitions
complexes et abruptes entre la sécheresse et 'humidité plutot que de
l'ampleur des précipitations ou de 'humidité moyenne du sol.

Collectivement, ces résultats permettent de mieux comprendre comment
'hydrologie antérieure, lintensité de la réhumidification et le contexte
thermique interagissent pour faconner la respiration dans les zones arides.
En intégrant des approches empiriques et d'apprentissage automatique, ces
travaux fournissent un cadre mécanistique pour mettre a l'échelle et
appliquer la partitionnement de la respiration axé sur les impulsions aux
sites arides de la région et au-dela.
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1. INTRODUCTION

1.1. BACKGROUND

The productivity of East African drylands holds significance ranging from local- to
international-scales. Intensifying rainfall regimes across the region are reshaping
ecosystem functionality and the delivery of essential ecosystem services (Alan K. Knapp e7
al., 2008). A comprehensive understanding of how these systems respond to shifting
rainfall is therefore critical, not only for improving their representation in global
greenhouse-gas inventories and climate models, and for guiding mitigation targets under
the Paris Agreement, but also for informing context-specific adaptation and sustainable
land-management strategies (Shukla ez /., 2019).

Across the region, food production, timber supply, climate regulation, water quality, and
biodiversity are all being altered by shifting vegetation patterns, rising temperatures, and
increasingly erratic precipitation (Anadoén ef al., 2014) (Fig. 1). For smallholder farmers,
rainfall irregularity disrupts planting calendars, reduces yields, and heightens food
insecurity (Ndlovu e# al., 2020). Pastoralist households, often exceeding 100 head of cattle,
face even sharper risks as forage and water availability fluctuate with erratic rainfall,
causing greater mortality, reduced productivity, and mounting economic losses (Galvin,
2009). Extended droughts intensify competition over grazing lands and water, triggering
land-tenure conflicts where communal rights overlap (Unks ¢ a/., 2023 ; Galvin ez al.,
2001). These trends threaten both the ecological integrity of landscapes and the
livelihoods that depend on them, with subsistence communities being particularly
exposed (Haile ez a/., 2020 ; Senegal e7 al., 2014).

B Frequency! Intensityd

Frequencyy IntensityT
M Frequency™ Intensity<
M Frequency? Intensity?

Figure 1: Covering ~41% of all land surface, CMIPG6 projects more frequent and intense rainfall
across tropical drylands, with pronounced effects in East Africa by 2050-2100. (Bastin; 2017,
Feldman et al., 2024; Parracciani et al., 2023).

1.2. CLIMATIC AND ECOPHYSIOLOGICAL CONTEXT

Across much of the tropics, rainfall regimes are becoming increasingly uneven, with a
rising share of annual precipitation delivered in fewer, higher-intensity events (Fischer ez
al., 2013 ; Donat ez al., 2016 ; Douville ¢7 a/., 2021). Climate projections indicate that these
trends will intensify under continued warming, producing longer dry intervals and heavier
storms, especially in regions already prone to water limitation (Pendergrass et al., 2017;
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Trenberth, 2011). With ecohydrological processes being governed less by total rainfall
than by its temporal distribution, these hydrological shifts carry far-reaching
consequences for dryland productivity (Jenerette ¢f al., 2008 ; Knapp e7 al., 2008).

East Africa occupies a distinctive position within this global pattern. Unlike many
subtropical regions projected to dry, it is expected to experience an overall increase in
rainfall, although the spatial and seasonal distribution of these changes remains uncertain
(IPCC, 2007). Regional rainfall is governed primarily by the seasonal migration of the
Intertropical Convergence Zone (ITCZ), which produces a bimodal cycle with long rains
from March to May and short rains from October to December (Nicholson, 2018).
Superimposed on this cycle are major ocean—atmosphere modes, the Indian Ocean
Dipole (I0OD) and the El Nifio—Southern Oscillation (ENSO), which influence rainfall
timing and intensity as positive IOD and El Nifio phases enhance moisture transport and
flooding, while negative IOD and La Nifia phases suppress convection and extend
droughts in the region (Abram ef al., 2008 ; Palmer et al., 2023). Under climate change,
extreme IOD and ENSO events are projected to become more frequent and intense,
amplifying this variability that defines the region’s hydroclimate (Cai et al., 2014; Wang et
al., 2024).

This climatic variability occurs within an ecological context dominated by arid, semi-arid,
and dry sub-humid zones across Kenya, Ethiopia, and northern Tanzania, sustaining the
open savannas and grasslands that shape the region’s ecological identity (Haile ¢ a/., 2020
; Niang ez al., 2017). These ecosystems are fundamentally water-limited, with productivity,
nutrient cycling, and microbial activity driven by the sporadic arrival of rainfall rather than
gradual seasonal progression (Schwinning & Sala, 2004 ; Huxman ef al., 2004). Warm
temperatures and high potential evapotranspiration intensify this constraint, ensuring that
even brief dry intervals rapidly deplete available soil moisture (Kew ez a/., 2021). When
rainfall does occur, its distribution between infiltration and runoff dictates whether water
recharges the root zone or is lost from the system (Alan K Knapp ez a/., 2008).

Dryland ecology has adapted to this oscillating pattern of stress and release, as woody and
herbaceous species exhibit deep or dimorphic rooting strategies, high water-use
efficiency, and the capacity for rapid photosynthetic activation following rewetting
(Seghieri, 1995 ; Lindh e a/., 2014). Soil microbial communities likewise tolerate
desiccation and resuscitate quickly when moisture returns, driving short bursts of
metabolic activity (Collins e a/., 2008). These adaptations enable persistence under
scarcity but also make biological processes highly sensitive to the timing and intensity of
individual rain events.

1.3. THE BIRCH EFFECT

A key manifestation of dryland climatic sensitivity is the Birch effect; an ephemeral, multi-
phase rise in Ecosystem Respiration (Reco) following rewetting after an extended dry
period (Birch, 1958) (Fig. 2). This short-lived respiratory surge results from the sequential
interplay of physical gas displacement, microbial resuscitation, and plant physiological
responses, each acting on distinct timescales (Placella ez 4/, 2012 ; Schimel, 2018). The
effect is reported across a variety of sub-Saharan and global sub-tropical ecosystems,
attesting to its ubiquity and global biogeochemical significance (Ago ez al, 2016 ;
Wieckowski ez al., 2024 ; Metz et al., 2023 ; Vardag et al., 2025). Across these
environments, Birch-pulses are often treated as an anomaly, yet evidence shows that they
disproportionately contribute ~12-25% of Reco in highly intermittent precipitation
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regimes (Manzoni ez al., 2020 ; Nguyen et al., 2025 ; Huxman ez al., 2004 ; Emmerich,
2003).

Pulse characteristics
(1) Length
(2) Intensity

e (3) Size [
= E (4) Decay rate
0o
O£

=

-GPP

Figure 2: Conceptual representation of the Birch effect showing post-rewetting flux dynamics
with key magnitude characteristics denoted. Adapted from Nguyen et al. (2025).

CO2 DISPLACEMENT

The initial phase of the Birch response is largely abiotic. During prolonged drought,
subsurface CO, accumulates in soil pores as limited autotrophic and heterotrophic
respiration persist under restricted diffusion (Frouz & Bujalsky, 2018). When rainfall
infiltrates, the advancing wetting front produces a displacement effect that physically
expels this stored gas, generating an abrupt CO flush (Singh e7 4/, 2023 ; Huxman ef al.,
2004 ; Sanchez-Garcia et al., 2020). The magnitude of this efflux depends on the soil’s
physical structure; bulk density, texture, organic-matter content, and macropore
connectivity, all regulating infiltration efficiency and expulsion capacity (Beven &
Germann, 1982 ; Jarvis ez al, 2007). In fine-textured vertisols common to East African
savannas, repeated shrink—swell cycles continually alter pore networks and gas transport
(Schimel ez al., 2007). Overall, the intensity of this phase of the pulse scales with the
duration and severity of antecedent drought, which control pore desiccation and CO,
storage prior to rainfall (Singh ez al., 2023).

MICROBIAL DYNAMICS UNDER DRY-WET CYCLES

After the initial displacement phase, interpore soil-water films reconnect and the diffusion
of substrates and oxygen improves, rapidly restoring microbial metabolism (Schimel,
2018). These microbial communities exhibit strong physiological regulation to survive
desiccation by adopting osmoregulatory mechanisms to maintain internal water potential
during anhydrous conditions (Warren, 2014 ; Schimel ez a/., 2007).

Richard Slevin

GloFor MSc Thesis 2023-2025

Ecohydrological Drivers and Limitation Transitions of Precipitation Induced
Respiration in East African Savannas: Insights from a Hybrid Modelling Approach



-6 -

Upon rapid rewetting, osmotic stress reverses abruptly, cell membranes rupture releasing
osmolytes and labile organic compounds into the environment that provide immediate
substrates for respiration (Kieft ez a/, 1987 ; Lado-Monserrat ez al., 2014 ; Warren, 2014 ;
Wood e al., 2001). Metabolic activity rebounds within hours, producing a transient surge
in CO, efflux as a result of this mineralisation of microbial necromass that was
accumulated under drought stress (Manzoni ez al., 2020 ; Schimel ez al., 2007).

A variety of physico—temporal feedbacks amplify this response, as repeated drying—
rewetting cycles disrupt soil aggregates, enhance oxygen diffusion, and expose formerly
protected organic matter to decomposition (Rabbi ez a/., 2024). Pulse magnitude naturally
scales with drought severity and duration, as extended dry periods promote greater
substrate accumulation and intensify hypo-osmotic stress upon rewetting, producing
stronger and more sustained CO releases (Singh ez a/., 2023 ; Manzoni ef al., 2012).

LAGGED PLANT FACILITATED READJUSTMENT

As labile carbon pools are depleted, post-rainfall Reco declines within hours to days,
sustaining productivity through a subsequent dry-down phase (Canarini ez a/, 2019 ;
Placella ef al., 2012). As leaf rehydration, stomatal reopening, and enzymatic reactivation
resolve over several days, Gross Primary Productivity (GPP) eventually re-establishes
equilibrium as photosynthesis recovers and intensive microbial resource competition
subsides, marking the end of the transient carbon imbalance (Chen e# a/, 2009 ; Sala &
Lauenroth, 1982 ; Jiang ef al., 2021).

1.4. RESEARCH RATIONALE

MECHANISTIC UNCERTAINTIES IN RAINFALL-INDUCED RECO

While rainfall pulses are recognized as dominant drivers of biogeochemical fluxes in
drylands, the mechanistic basis of their variability remains insufficiently understood
(Liang et al., 2023). Most existing frameworks describe Birch-pulses as uniform, short-
lived CO;, flushes, overlooking how the complex interaction of temporal, thermal, and
moisture contexts shape their timing and magnitude. Consequently, our understanding of
how pulse responses differ across climatic and edaphic contexts is still fragmentary.
Understanding these process-level dynamics is critical for predicting ecosystem carbon
balance and resilience under intensifying rainfall variability, particularly in regions that
sustain major food production and pastoral systems (Barnes ez a/., 2021).

GEOGRAPHIC ASYMMETRIES IN FLUX OBSERVATIONS

Given the technocratic and capital-intensive nature of Eddy-Covariance (EC) systems,
infrastructure has concentrated global flux research within well-funded institutions of the
Global North (Stoy ez al., 2023). As a result, coverage is spatially skewed toward temperate
ecosystems, while tropical and subtropical regions, home to many developing countries
and some of the world’s most climate-sensitive biomes, remain under-represented.
Historically, Africa has contained only 3.7 % of global flux measurement sites, revealing a
persistent spatial bias that limits empirical representation of the continent’s climate-
sensitive ecosystems (Burba, 2019). This gap is particularly acute for savanna ecosystems,
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which dominate vast tracts of the sub-Saharan landscape yet remain among the least
instrumented biomes globally. This geographic asymmetry embeds systemic bias in the
empirical foundations of biogeochemistry, undermining the representativeness of the
models built to tackle the borderless problem of climate change (Bieri e# al., 2022). The
result is a feedback loop in which data scarcity perpetuates underrepresentation,
constraining both the scientific understanding and policy relevance of dryland ecosystems
in global climate affairs. Expanding knowledge of tropical dryland systems is therefore
vital to sustaining resilience under intensifying climatic instability (Jung ez a/., 2009).

MODEL LIMITATIONS IN REPRESENTING PULSE DYNAMICS

Prevailing ecosystem models capture broad seasonal patterns but fail to reproduce the
abrupt event-scale, non-linear dynamics that define dryland fluxes (Barnes ¢ a/., 2021).
Standard formulations rely on temperature-response functions that neglect the strong and
variable moisture dependencies characteristic of drylands (Reichstein ef af., 2005 ; Wang ef
al., 2014). Even the recently developed FluxPulse model (Nguyen ¢7 a/, 2025), while
introducing an event-scale correction, remains largely geometric, emphasizing form rather
than the underlying ecophysiological mechanisms governing post-rain responses. Current
models cannot capture the abrupt transitions between dry and wet states, whereas purely
empirical fits offer limited explanatory insight into why pulse intensity varies (Meyer e 4/,
2018).

A new modelling approach is therefore required that integrates mechanistic
interpretability with empirical accuracy, bridging the divide between statistical fitting and
ecophysiological understanding (Ai ef al., 2023). By embedding event-scale process
representation within a statistical framework, this study aims to advance both the realism

and the explanatory power of modelling Reco in water-limited ecosystems (Dannenberg ez
al., 2023).

1.5. RESEARCH QUESTION

What are the ecophysiological drivers of Birch-pulses, and how do they regulate Ecosystem Respiration
in an East African dryland savanna?

1.6. HYPOTHESES

e H1: Birch-pulse event magnitude is primarily governed by antecedent soil
moisture characteristics, with temperature exerting a secondary effect.

e H2: Integrating event segmentation and soil-moisture context improves the
accuracy and representation of Reco variability compared to temperature-only
formulations.

e H3: Non-linear interactions among hydrological, thermal, and temporal covariates
explain the complex transition from water- to temperature-limited Reco.
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2. MATERIALS AND METHODS
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Figure 3: Conceptual framework illustrating the a priori structure and rationale of the study,
linking ecophysiological theory with empirical modelling to guide the detection, analysis, and
synthesis of Birch-pulse dynamics across scales.

2.1. STUDY SITE

The study was conducted at the ILRI Kapiti Research Station, a 128 km?* semi-arid
savanna in Machakos County, Kenya (Odongo e¢f a/., 2025). Mean annual rainfall is = 550
mm yr !, distributed bimodally with wet seasons in March—May and October—December

(Fig. 4).
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High-resolution footprint climatology overlaid on satellite imagery showing the dominant flux
contribution areas surrounding the tower (Odongo ¢f al., 2025).

Vegetation is dominated by a mix of perennial Cs; and Cy4 grasses; Cynodon dactylon (1..)

Pers., Setaria trinervia (Schumach.) Stapf, Themeda triandra Forssk., Microchloa kunthii Desv.,

and Digitaria macroblephara Hack., interspersed by forbs and sparse woody cover such as

Vachellia nubica (Benth.) Kyal. & Boatwr (Muthoka ez 4/, 2025). Soils comprise a Vertisol—

Cambisol mosaic controlling local hydrology and vegetation dynamics. Measurements

were collected at the Kapiti Flux Tower (1.63° S, 37.19° E;1731m a.s.l) (Fig. 5).
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Figure 5: Kapiti, a semi-arid savanna, with the EC tower situated above the study area. The
landscape comprises open savanna with scattered shrubs and occasional Vachellia shrubs (Photo:
L Merbold).

2.2. DATA ACQUISITION

EDDY COVARIANCE THEORY AND OPERATION

The EC method quantifies turbulent exchange of gases, heat, and momentum between
the land surface and atmosphere (Aubinet ez 2/, 2012). Instantaneous flux density is
defined as:

where:
e [ is the vertical turbulent flux of CO; (umol CO; m™2s7%),
e W' is the instantaneous deviation of vertical wind velocity from its mean (m s™"),
e (' is the instantaneous deviation of CO; concentration from its mean (umol mol™?), and

e w'c’ denotes the time-averaged covariance between vertical velocity and CO,
concentration fluctuations.

Positive F, indicates upward fluxes; negative values denote ecosystem uptake. Sampling at
10 Hz resolves the dominant turbulence frequencies driving vertical transport across the
footprint yielding continuous, non-destructive measurements of ecosystem-atmosphere
exchange (Fig. 0, 7).
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Figure 6: Conceptual illustration of the EC principle. Vertical wind fluctuations transport gas
molecules between the surface and atmosphere: a flux arises when turbulent eddies create a net
upward or downward transfer of gases (SCF, 2025).

EDDY COVARIANCE INSTRUMENTATION

Wind components and sonic temperature were measured using a 3D sonic anemometer,
which derives vertical and horizontal wind vectors from ultrasonic pulse travel times
along three non-coplanar paths (Kaimal & Finnigan, 1994). The instrument was mounted
at 4.3 m and oriented north toward the prevailing wind to minimise flow distortion.

An open-path infrared gas analyser (IRGA) was co-located within the anemometer’s
sampling volume (5cm N, 20cm E) to ensure both instruments sampled the same air
parcel, reducing phase lag and covariance loss (Burba e7 a/, 2008). The IRGA measured
CO; and H,O densities via differential absorption of two infrared wavelengths.
Instantaneous gas concentrations were synchronised with wind data to compute
covariances in real time.

The open-path design provided high temporal resolution and avoided tubing attenuation.
Optical windows were cleaned weekly, and calibration with certified CO, standards was
performed biannually. Regular alignment checks and inspection for contamination or
temperature drift ensured instrument stability and geometric accuracy. The full suite of
sensors (Fig. 7), their configuration, and specifications is provided in Appendix 1, Table
A1, and processing workflow in Appendix 2.
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Figure 7: Schematic layout of a typical EC tower setup, illustrating the suite of core flux
instruments alongside the biometeorological sensors (Bliefernicht e a/., 2018).

2.3. DATA ANALYSIS

RAIN-PULSE DETECTION

To isolate hydrologically meaningful rainfall events, precipitation was aggregated using a
6-hour rolling window. A wet onset was defined when cumulative rainfall within any 6-
hour interval reached =25mm. The wet offset was identified as the first subsequent 6-hour
interval with zero rainfall. All contiguous intervals meeting these criteria were grouped as
a wet sequence.

To ensure temporal alignment with 30-min EC and soil-moisture data, each wet sequence
was re-projected onto the native 30-min timestep. Two adjustments were applied:

1. Retroactive onset refinement: tracing backward from the first 30-min step within
the 6-h wet window to the earliest non-zero rainfall, defining the true wet onset.

2. TForward offset refinement: extending the wet period to the last 30-min step with
measurable rainfall before a continuous dry interval began.

Each complete dry-wet transition was assigned a unique ID, establishing the structural
framework for subsequent event-scale covariate computation (Fig. 8).
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Figure 8: Conceptual illustration of rainfall thresholding and event classification. Petiods
exceeding the defined precipitation threshold (green dashed line) are identified as wez, while
intervening intervals are classified as dry.
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ENVIRONMENTAL COVARIATES

To characterise the ecohydrological conditions associated with each rainfall pulse, a set of
environmental covariates was derived at 30-min resolution and is detailed in Appendix 2,
Table A2.

Soil-moisture normalisation indices standardised site-specific metrics into ecologically
relevant fractions, removing depth and texture effects, while differential and cumulative
metrics represented short-term rewetting, and antecedent desiccation. Hydrological
balance metrics described total and cumulative precipitation and evapotranspiration,
antecedent water deficits, and running climatic stress, linking rainfall inputs to surface
water balance. Temporal descriptors expressed the relative position of each observation
within the wet—dry sequence, distinguishing early, peak, and late pulse conditions.

RECO MODEL DEVELOPMENT

To identify the transition between water- and temperature-limited regimes, a Non-
Rectangular Hyperbola (NRH) was fitted to Reco as a function of Relative Soil Water
Content (RSWC).

A model was developed to represent steady-state, non-pulse period Reco, following the
standard temperature-response formulation of Reichstein et al. (2005) and extended via a
generalised additive model (GAM) to incorporate non-linear soil-moisture and
temperature—moisture interactions:
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Runoisture =

,30 + S(Ts},) -+ S(ijd) -+ S(SWCSh) -+ S(SWijd) -+ tI'(TSh, SWCsh) + tf(Tmid, SWijd) + &
where:

*  Rpoisture : predicted nighttime Reco (umol COz m™ s™),

e o : model intercept,

o Tgp & Thpig : shallow and mid-depth soil temperatures (°C),

o SWCs, & SWCpiq : shallow and mid-depth soil water contents (m® m™),

¢ 5() : smooth spline functions,

e ti() : tensor-product interaction smooths between temperature and soil moisture,
e & :model residual error term.

The model, fitted to nighttime data (PPFD < 10 pmol m™ s™') outside potential pulse
periods, isolates Reco by selecting all positive (Net Ecosystem Exchange) NEE values
within this low-light range, representing conditions where photosynthetic uptake is
negligible and gross primary productivity (GPP) is assumed to be zero, so NEE = Reco
(Reichstein, 2005). This approach captures respiration variability across both thermal and
hydrological gradients while minimizing dry-season bias.

Residuals were defined as

& = Robs;t — Rpred,t

Significant positive deviations were identified using a one-sided Upper Prediction Interval
(UPI):

UPIt = Rpred,t + kO‘t

where 0y is model error and £=2 approximates the 97.5th percentile under Gaussian
residuals. Timesteps within wet sequences where R+ > UPI were flagged as anomalies;
fluxes exceeding expected temperature—moisture responses.

PEAK-TAIL SEGMENTATION

Within each wet window, anomalous timesteps were clustered into events based on
continuity.

L Peak: Robs,t > UPIt
b Tail: Rmoisture,t < Robs,t < UPIt

The first exceedance above the UPI marked the Birch onset, and the last tail value above
baseline marked the Birch termination, classifying the timeframe of each birch event.
Rioisture Was applied across Peak and Tail phases and merged with non-pulse
predictions to produce a continuous estimate capturing Birch-pulse deviations within the
full time series.
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MODEL CALIBRATION AND EVALUATION

Nighttime Reco was used to train three formulations:

1) Ruy: Temperature-response exponential baseline (Reichstein ez /., 2005)
2) Ry Moisture-corrected GAM, and
3)  Rpr: Model explicitly trained on transient Peak—Tail phases.

b

MODEL PERFORMANCE EVALUATION

Model performance was quantified by:

_ Z(Robs - Rpred)z

R?=1 =
Z(Robs - Robs)z

1
RMSE = \/EZ(Robs - Rpred)z
1
MAE =~ | Rops — R |

1
Bias = QZ(Rpred - Robs)

and scale-independent diagnostics:
Nash-Sutcliffe Efficiency (NSE): = R? relative to mean observations.

Capture Ratio:

ZRpred/ZRobs

EVENT-LEVEL CARBON INTEGRATION

Reco during each Birch event was integrated from 30-min fluxes converted from umol
CO, m™2s"togCm™ (12 X 107° g C umol™ CO,) using the trapezoidal rule:

R,..+R
Covere = E (Rprea ZpredH)Ati,Ati:lSOOs

i

Integrations were applied to observed and modelled fluxes to derive total event carbon
release, bias, and cumulative model differences. Event integrals supported aggregation
and distribution analyses.

DYNAMIC TRAJECTORY AND SHAPE METRICS

To evaluate how well models reproduced event-scale temporal patterns, shape-
comparison metrics were applied to the modelled flux trajectories. Dynamic Time
Warping (DTW) quantified the temporal alignhment cost between observed and modelled
fluxes.
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min
DTW(Robsr Rpred) = T Z WiIRobs,i - Rpred,jl
Lperm
where:
e 7 :optimal warping path aligning indices i and J,

e Ww; : weighting factor that increases near the event peak to emphasize timing fidelity.

Lower DTW values indicate closer temporal agreement between the observed and
modelled flux dynamics.

Spearman’s rank correlation coefficient (p) measured monotonic associations between
ranked variables:

cov(Ty, Ty)

Oy, O,
where:

® /oy : covariance between the ranked variables,
® 7 &1y rank-transformed values of x and y

Cosine similarity measured geometric similarity independent of magnitude:

Z(Robs ' Rpred)
Il Rops I Rpceq I

A weighted NSE was computed on duration- and amplitude-normalized trajectories,
giving greater weight to high-magnitude phases and isolating structural rather than
absolute discrepancies.

EXPLAINABLE MACHINE-LEARNING ANALYSIS

An Explainable Machine Learning (XML) gradient-boosted decision-tree model
(XGBoost) quantified the influence of ecohydrological, and climatic covariates defined in
Section 2.3.3 (Chen & Guestrin, 2016). The model was trained on 70%, validated on 10
%, and tested on 20% of Birch-pulse data (Friedman, 2009 ; Goodfellow, 2016).

Hyperparameters were optimized through five-fold cross-validation to minimize out-of-
sample RMSE (James et al., 2013). Feature contributions were interpreted using Shapley
Additive Explanations (SHAP), which decompose predictions into additive feature effects
while preserving local accuracy (Lundberg ez /., 2020). SHAP values quantify both the
magnitude and direction of each variable’s influence on the model output, indicating how
much each covariate increases or decreases Reco for every observation. Mean absolute
SHAP values provided global importance rankings, while dependence plots derived from
the independent test dataset revealed how these effects evolved across the range of each
predictor, highlighting thresholds and interactions when coloured by secondary features
(Rudin, 2019). Together, combined with the model’s high predictive accuracy, enabled
inference of real-world ecohydrological interactions, revealing how covariates jointly
regulated Reco.

Richard Slevin

GloFor MSc Thesis 2023-2025

Ecohydrological Drivers and Limitation Transitions of Precipitation Induced
Respiration in East African Savannas: Insights from a Hybrid Modelling Approach



-17 -

3. RESULTS

3.1. RECO MOISTURE CONTROLS AND CONSTRAINTS

Reco exhibited a non-linear response to soil moisture (Fig. 9). A Non-Rectangular
Hyperbola fitted to Reco as a function of RSWC revealed a hyperbolic response with an
inflection at RSWC = 0.348, separating moisture- and temperature-limited regimes, with
efflux rising sharply under dry conditions and approaching an asymptote at higher
moisture.

Elbow =0.348 | WL <0.3|TL>0.4

15

-
o

Reco (umol m2 5_1)

0.00 0.25 0.50 0.75 1.00
Relative soil water content (RSWC, dimensionless)

Figure 9: NRH fit of Reco against RSWC. The red line indicates the moisture threshold separating
water-limited (WL) and temperature-limited (TL) regimes.

Composite analyses of five-day windows around birch events showed that fluxes peaked
within 24h of rain when antecedent soil moisture was low (< 25th percentile RSWC) and
temperature moderate (60 — 100th percentile) (Fig. 10).

Under these conditions, fluxes reached 5-8 umol CO, m™ s™'. In contrast, responses
were weak when antecedent soils were moist, with little effect of temperatures. These
patterns indicate a coupled moisture—temperature optimum, with the strongest Birch-
pulses occurring with soil desiccation, consistent with the NRH-derived regime structure.
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Figure 10: Heatmaps showing mean nighttime NEE across a) soil temperature and b) antecedent
soil moisture percentile bins relative to Birch onset.

3.2. MOISTURE CORRECTION EVALUATION

Including soil moisture markedly improved model prediction under non-pulse conditions.
The temperature-only model systematically underestimated fluxes during moderately dry
periods, whereas the moisture-augmented model increased explained variance by ~25%
and reduced random error by one-third (Table 1).

Table 1: Performance metrics for baseline Reco models.

R? RMSE MAE Bias
Riemp 0.43 1.72 1.29 —0.17
Ronoisture 0.72 1.22 0.82 —0.08

These improvements confirm that Reco depends on non-linear interactions between soil
temperature and moisture rather than temperature alone.
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3.3. BIRCH-PULSE MODEL EVALUATION

Model performance was evaluated during birch events (Table 2):

Table 2: Performance metrics for Birch event Reco models.

-19-

R? RMSE MAE Bias
Riemp —0.20 4.83 2.40 -1.71
Rpnoisture —0.06 4.53 2.15 -1.93
Rpr 0.70 2.40 0.90 —0.15

Both R and R petformed poortly during Birch events, yielding negative R? values

and large residual errors. In contrast, the Rpr formulation achieved R? = 0.70 and reduced

bias by an order of magnitude, confirming that explicitly representing a peak-and-decay
dynamic captures the short-lived Reco surges missed by models designed for non-pulse,
steady state conditions and therefore, Birch-pulse bias correction is necessary to capture
the full magnitude of Reco.

3.4. CUMULATIVE AND TEMPORAL VALIDATION

Model evaluation across the full timeseries confirmed that explicitly representing pulse—

decay dynamics improves carbon-budget closure (Table 3).

Table 3: Integrated performance of metrics for Reco models across entire timeseties

Total

Predicted Bias (umol Bias (g C |[Percent Capture |[RMSE (umol NSE

Carbon (g C |CO, m™%s™") |m™?) Bias (%) |Ratio CO, m™s7")

rn'z)
Rienp ||385.99 252 x10°  [-3023 [|-7.26%  ]|0.93 2.06 0.34
Rinoisturel|397.84 -1.53 x 10®  ||-1838  ||-4.42% 0.96 1.63 0.58
Rpr  ||401.50 —1.23x10°  |-14.72  ||-3.54%  ||0.96 1.56 0.62

All models sufficiently reproduced total Reco within £7 % of observations with R,
and Rpr showing increasing prediction accuracy respectively. DTW diagnostics
corroborated these findings by confirming their temporal realism (Table 4).
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Table 4: Reco models dynamic performance metrics.

Weighted DTW (|)|[INSE (SST-weighted) (1)||Spearman o (1)||Cosine Similarity (1)

Rimp |[1.02 —0.50 —0.13 0.54
Rnoisturel|0.74 —0.24 0.24 0.04
Rpr  ||0.61 0.24 0.62 0.80

Rpr outperformed both baseline formulations across all similarity metrics, showing
superior alignhment in the timing and shape of Reco trajectories. The Rpr formulation
performed best, followed by R, and R, indicating that explicitly modelling pulse—
decay dynamics within a moisture-orientated context improves both temporal fidelity and
overall carbon-budget closure of Birch events amongst typical ecosystem functioning.

Event-integrated comparisons further showed that Rpr matched observed cumulative
carbon release the closest, whereas baseline formulations lagged during the 12 hours
following rainfall, exhibiting gross divergence (Fig. 11a). Cumulative absolute-error
trajectories confirmed the least deviation for Rpr from observations across all events (Fig.

11b).

IS

£
)
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= Observed
Moisture

= Peak-Tail

%]

= Temperature

Cumulative integral (g C m”-2)

Cumulative [model - observed| (g C m*-2)
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Hours since event onset Hours since event onset

o

Figure 11: Event-aggregated cumulative respiration and model deviation.

a) Cumulative carbon emission (mean * IQR) post rainfall events indicates that R, most closely
matches observed totals.

b) Cumulative absolute deviation reveals that, despite this apparent agreement, K., ultimately
diverges, while Rpr maintains the lowest overall error.
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Collectively, these validations demonstrate that incorporating an explicit peak—decay
structure yields consistent improvements in predictive skill, dynamic fidelity, and carbon-
budget accuracy across the entire observation period.

3.5. XML ELUCIDATION OF NON-LINEAR PULSE DRIVERS

XGBoost effectively captured Reco dynamics during Birch-pulse events, predicting
observed flux variability with high accuracy on independent confirming that the selected
predictors captured nearly all Reco variability (Table 5).

Table 5. Performance metrics of the Rxgs

R? RMSE MAE Bias

Rxes 0.979 0.218 0.138 0.034

Feature-importance analysis showed that Reco variability during Birch-pulses was chiefly
governed by hydrological history and event timing (Fig. 12). ASWC Dryspan, Wet Pos,
and ASWC 24h dominated model variance, while steady-state moisture, temperature, and
meteorological variables exerted secondary influence, indicating control by antecedent
drying and phase progression metrics rather than instantaneous meteorological
conditions.

Top 15 SHAP Feature Importances

ASWC Dryspan

Wet Pos

ASWC 24h

SWC sh

Cumulative Evapotranspiration
Cumulative Water Deficit
SWC mid

Deep Soil Temperature

Feature

Dry Duration
Cumulative Precipitation
Hours to Offset

AWFPS Dryspan

CWD Onset
log(P/ET)
VPD
0.0 0.2 0.4 0.6 0.8
Mean |SHAP|

Figure 12: Top 15 predictors ranked by mean absolute SHAP value from the XGBoost model

SHAP dependence plots revealed distinct non-linear effects across key predictors (Fig.
13). Prediction of Reco increased with rewetting intensity (ASWC 24h) and wet-phase
progression (Wet Pos), while antecedent drying (ASWC Dryspan) showed a sharp positive
effect beyond a threshold, consistent with microbial reactivation after prolonged
desiccation. SWC sh exhibited saturation at high moisture, and Cumulative ET and CWD
displayed opposing influences linked to evaporative demand and drought stress.
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Figure 13: SHAP dependence plots showing marginal effects of key Reco predictors during Birch-
pulse periods.

Thermal colour gradients indicated that high soil temperatures under dry or water-deficit
conditions were associated with weak or negative SHAP values, highlighting suppression
of fluxes under combined thermal and hydric stress. Collectively, Reco predictions were
most responsive to antecedent drying and rewetting dynamics, with smaller contributions
from temperature and evaporative demand.

4. DISCUSSION

4.1. MOISTURE CONTROLS ON RECO

The magnitude of observed Reco (Recos) displayed a clear dependence on increasing
soil moisture, from dry to moderately moist conditions before plateauing beyond a
threshold of RSWC =0.348 (Fig. 9). Below this threshold, soil moisture and Reco remain
closely coupled, highlighting the importance of moisture in relieving metabolic inhibition
during soil desiccation. Beyond it, each incremental increase in RSWC yields a
diminishing effect on Reco, implying that once soil structure and function are sufficiently
reactivated, with substrate mobility stabilised and restored, additional wetting contributes
little further stimulation. This inflection marks the transition from water-limited to
temperature-limited regimes, consistent with established theory denoting the desiccation
of microbial communities (Moyano ez al., 2012 ; Chang ez al., 2014). In theory, rewetting
reactivates substrate diffusion, whereas excessive wetting may transiently suppress it
through diffusion limitation or anoxia, conditions that rarely persist long enough in
drylands to show a signal (Davidson & Janssens, 2006 ; Bond-Lamberty ez a/., 2024).

Composite analyses of Birch-pulse periods (Fig. 10a) confirm that the largest CO; efflux
occurred when dry antecedent soils were rewetted under moderately warm conditions.
Although temperatures rarely fell below optimal, the highest Reco values coincided with
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the warmest soils, where moderate heat promoted microbial activation and substrate
turnover without exhibiting thermal inhibition (Xu ez /., 2004). Conversely, when
antecedent soils were moist, post-rain Reco remained relatively unchanged, showing that
both hydric and thermal constraints operate within distinct optimal ranges, but also
relative to each other (Fig. 10b). In such cases, substrate diffusion, autotrophic
respiration, and microbial resource competition are already near equilibrium, so additional
wetting contributes little new metabolic stimulation. The rapid CO; surge and subsequent
24 hour decay typify the Birch effect, driven by osmotic shock and accelerated
mineralization upon rewetting previously dry soils (Birch, 1958 ; Manzoni e al., 2020 ;
Meisner ¢t al., 2021). Similar patterns have been observed across Mediterranean, Sonoran,
and Australian drylands, where pulse amplitude scales with the severity and duration of
antecedent drought (Sponseller, 2007 ; Huxman ef al., 2004 ; Metz et al., 2023).

Opverall, these patterns support H1: Reco responses to rainfall pulses in semi-arid drylands
are primarily governed by antecedent soil moisture, with temperature exerting only
secondary influence, indicating that Birch-pulses arise from the interplay between abrupt
soil rewetting and downstream thermal conditions.

4.2. MODELLING RECO UNDER MOISTURE CONSTRAINT

The comparison between the Ry, and R, formulations clearly demonstrates that Reco
cannot be adequately represented by temperature-response functions alone. The inclusion
of soil-moisture predictors substantially increased explanatory power and reduced model
error relative to the temperature-only formulation (Table 1). The traditional R.,, model
assumes continuous substrate availability and instantaneous microbial response, though
arid soils experience strong moisture dependence through diffusion limitation of soluble
substrates and microbial dormancy (Reichstein ez a/., 2005 ; Vargas ez al., 2011 ; Moyano e?
al., 2012). This improvement reflects the biophysical coupling between thermal and hydric
states that govern microbial respiration.

However, both non-pulse formulations failed under birch conditions, with R, and R
producing negative coefficients of determination and large residual errors, consistent with
similar contexts of model failure (Table 2) (Rousk & Brangari, 2022). Both models
consistently underestimated flux maxima, whereas Rpr closely matched both the
amplitude and timing of observed responses (Fig. 11, 14). Across all events, Reco peaked
within 12 hours of rainfall and then decayed exponentially, a pattern reproduced only by
Rpr, markedly improving predictive skill and bias by an order of magnitude.

Evaluation across the entire time series showed that incorporating event segmentation
improved both model accuracy and temporal fidelity (Table 3). Rpr achieved the highest
NSE and lowest RMSE, reproducing cumulative C flux within £3.54% of observations.
DTW analyses indicated Rpr had the smallest shape distance and strongest phase
alighment, confirming improved representation of event timing and magnitude (Table 4).
These improvements reflect the model’s ability to reproduce the delayed and asymmetric
Birch dynamics governed by hydrological memory and post-rainfall decay, not merely an
enhanced statistical fit. By explicitly parameterizing event-scale peak and decay dynamics,
Rpr realistically captures the Birch effect trajectory and offers a process-informed yet

parsimonious alternative to deterministic bias-correction frameworks (Nguyen ez al.,
2025).
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Figure 14: Time series of observed and modelled fluxes during a March 2019 Birch-pulse event,
showing enhanced respiration following rewetting and improved fit of moisture- and event
typology corrected models relative to the temperature-only baseline

Collectively, these results validate H2, showing that integrating soil-moisture context and
event segmentation produces an empirical model that improves prediction while
reflecting underlying ecohydrological controls. By resolving transient respiration dynamics
rather than assuming steady-state temperature dependence, Rpr delivers bias-corrected
flux estimates and a more mechanistic depiction of dryland processes. Its success
underscores that temperature-based models must incorporate hydrological and temporal
structure to capture the dominant sources of variability in semi-arid ecophysiology.

4.3. NON-LINEAR INTERACTIONS AND LIMITATION
TRANSITIONS

The XML feature importance analysis revealed that hydrological change-rate variables
exerted the strongest influence on Birch-pulse Reco (Fig. 12). ASWC Dryspan and ASWC
24h ranked highest in SHAP feature importance, followed by Wet Pos and SWC sh.

SHAP dependence patterns for ASWC Dryspan, ASWC 24h, and CWD (Fig. 13a, c, f)
highlight the dominant role of antecedent hydrology in shaping respiration pulses. Each
variable captures a different facet of hydrological memory: the cumulative desiccation
preceding rainfall (ASWC Dryspan), the immediate pre-event moisture change rate
(ASWC 24 h), and the longer-term climatic water deficit (CWD). A clear breakpoint near
ASWC = 0 indicates that only true desiccation, not minor moisture gains, primes soils for
Birch-type responses.

The positive SHAP response to increasing ASWC Dryspan indicates that stronger
antecedent desiccation enhances Rxgg, while the linear decline in SHAP values for
ASWC24 h toward zero shows that Rxcs predictions are best when the rate of change
right before the wet onset are greatest. Together, these patterns highlight that Reco
sensitivity is driven by the intensity of prior desiccation rather than the wetting phase
itself, an outcome consistent with literature on the effects of drought-induced substrate

accumulation and the persistence of stress-tolerant microbial communities (Moyano ef a/.,
2013 ; Borken & Matzner, 2009).
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Within-event dynamics represented by Wet Pos and SWC sh (Fig. 13b, d) reveal how
Reco evolves through the wet phase following rewetting. SHAP values for Wet Pos
increased nearly linearly, indicating progressive microbial activation and substrate
turnover as moisture persisted. In contrast, SWC sh showed a monotonic saturating
relationship, where each incremental rise in soil water yielded a diminishing effect on
predicting Reco, reflecting declining marginal moisture sensitivity as soils approached
optimal wetness. A cluster of high-temperature, low-SWC points with negative SHAP
values further illustrates that elevated temperature alone did not enhance flux under
moisture limitation. Together, these patterns mark the complex transition of feature
importance through time within Birch-pulses.

The weakly structured, multimodal pattern of Cumulative ET, together with the
temperature gradients across predictors, indicates that evaporative demand and thermal
energy impose complex secondary controls on respiration (Fig. 13¢). Moderate
evapotranspiration likely promotes gas diffusion and oxygen exchange, briefly enhancing
COg; efflux, whereas sustained or intense evaporative demand depletes surface moisture
and suppresses microbial activity. The overlaid thermal gradients show that respiration
sensitivity declines sharply under concurrent warmth and dryness, demonstrating that
high temperature amplifies physiological stress rather than stimulating flux when water is
limiting. These results highlight an interactive constraint between water and energy
availability, where moisture dynamics govern activation and temperature modulates the
rate and persistence of post-rewetting respiration.

Collectively, the XML analysis demonstrates that respiration during Birch-pulse periods is
governed by transient, rather than steady-state, hydrological conditions. Dependence
plots show that Reco sensitivity is strongest to rate-based variables (ASWC Dryspan,
ASWC 24 h), indicating that phase changes across the dry—wet boundary, rather than
absolute environmental states, drive Birch magnitude and variability. The consistent
sequence, antecedent drying followed by rapid rewetting and moderated by evaporative
and thermal feedbacks, reflects the complex non-linear dynamic transition of
environmental interactions, well documented in the literature. These patterns underscore
that Birch-pulses emerge from non-equilibrium hydrological transitions.

Together, these results support H3, showing that Reco variability during pulse events is
primarily governed by non-linear dry—wet transitions rather than absolute soil moisture,
with temperature amplifying Reco only once critical moisture variables reach their
respective optima and timing. These result aligns with recent machine-learning
applications that utilised a knowledge-guided deep-learning model explicitly encoding
rewetting cycles and diel hysteresis to successfully reproduce Reco pulses in semi-arid
soils (Jiang ez al., 2022).
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5. CONCLUSION

5.1. SYNTHESIS

This thesis investigated the drivers and modelling of Reco responses to rainfall pulses in a
semi-arid East African dryland context, addressing how antecedent conditions, event
characteristics, and temporal dynamics shape carbon flux variability. Across event-scale,
empirical modelling, and machine-learning analyses, the results converge on a central
conclusion: Reco is primarily controlled by hydrological dynamics and temporally
structured by dry—wet transitions when soil moisture is limited. From a modelling
perspective, incorporating soil-moisture context and event segmentation markedly
improved the capacity of statistical predictions to reproduce observed flux variability,
while explainable ensemble models provided complementary insight into the complex,
non-linear interactions underlying these responses. The findings demonstrate that Reco
variability in drylands cannot be reproduced by temperature functions alone, and
undeniably require hydrologically contextualised models that utilise event segmentation,
such as the Rpr or FluxPulse, to yield bias-corrected, event-preserving accurate estimates
of Reco (Nguyen e7 al., 2025). Together, these insights strengthen the conceptual basis for
representing pulse-driven Reco dynamics in water-limited ecosystems.

5.2. LIMITATIONS AND FUTURE DIRECTIONS

Initially, a core theme of this study was intended to compare the performance of
contrasting model paradigms that are contemporarily defining flux research: empirically
grounded, data-driven approaches such as the developed Rpr, and geometrically
constrained, decay-fitting frameworks such as FluxPulse (Nguyen ez /., 2025). Beyond
assessing performance, the goal was to contribute to the wider debate between empirical
models that extract patterns directly from observations and parameterised models that
impose predefined biological functions (Tang ez al., 2024). In practice, however, the
comparison was limited by the structural design of FluxPulse. Although it provides a
robust interannual-to-annual, multi-site bias-correction framework, its architecture is
hard-coded to detect Birch-pulses lasting at least 48 hours. At Kapiti, most respiration
pulses were ephemeral bursts triggered by brief rainfall events, after which the system
quickly reverted to moisture limitation, ultimately being too transient for which FluxPulse
was conceived. Originally designed for interannual multi-site bias corrections, the model’s
architecture, while powerful for long-duration pulses, proved ill-suited to the short,
transient Birch responses characteristic of the Kapiti savanna.

Several ecophysiological factors introduced limitation to this study. Firstly, a key issue is
the reliance on nighttime fluxes for model calibration. This assumes that respiration—
temperature relationships derived under nocturnal conditions also hold during the day,
yet diel decoupling of soil temperature frequently violates this assumption. Because
daytime soils are typically warmer and more thermally variable, models constrained to
nighttime data likely underestimate total respiration and overlook the stronger
temperature sensitivity and moisture—temperature interactions expressed under daytime
conditions (Han e 4/, 2023). The focus on a single semi-arid savanna site further restricts
generalisation across drylands, where differences in soil texture, rooting depth, and
vegetation traits strongly influence pulse responses. Additional uncertainty arises from
preferential flow paths: in highly desiccated soils, rewetting proceeds unevenly as rainfall
infiltrates through large exposed fissures, producing spatially heterogeneous wetting
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fronts (Pushpanjali ez a/,, 2025 ; Ribeiro Filho ez al., 2023). This induces two biases: (i)
vertical heterogeneity in soil moisture redistribution, as preferential infiltration bypasses
surface layers, and (ii) spatial heterogeneity in CO; efflux, as these fissures temporarily act
as conduits for subsurface gas release (DeCarlo & Caylor, 2020). Such non-uniform
rewetting and effluxes violate the assumption of homogeneous flux surfaces implicit in
EC measurements, likely contributing to sub-grid noise in the flux signature and
variability not captured by the models.

From a methodological perspective, several structural and technical limitations should be
noted. The IRGA suffers intermittent data loss when raindrops accumulate on the optical
bench, ironically during periods most critical for pulse analysis (Heusinkveld ez a/., 2008).
Such interference can truncate flux records and bias model calibration, though rigorous
despiking, flag screening, and cross-sensor validation were applied to minimise these
artefacts. The event-typology framework introduces an additional source of subjectivity,
as fixed thresholds inevitably simplify the continuum of ecohydrological states in which
overlapping wet—dry sequences are common. Although these thresholds were empirically
derived from multi-year data and validated against soil-moisture responses, they cannot
fully reproduce the gradient nature of pulse dynamics. Model structure and parsimony
also present challenges. Complex algorithms such as XGBoost risk overfitting site-
specific patterns, whereas simplified GAM-based models may omit key interactions.
Belowground processes, including root exudation, priming, and non-diffusive gas
transport, remain unrepresented but were partially accounted for by focusing on relative,
event-scale variability to isolate ecohydrological signals from unmodelled biological noise
(Vereecken ez al., 20106).

Future research should extend the framework to coupled Reco—GPP models, enabling a
more comprehensive assessment of savanna ecophysiological dynamics and the timing
and magnitude of growing-period sink responses relative to the associated Birch-pulse
(Feldman ez al., 2024). Chamber campaigns offering multiple replicates (bare soil,
vegetation present, field capacity, wilting point) would enable a more comprehensive
Reco model by partitioning autotrophic and heterotrophic contributions under varied
moisture conditions (Tang & Baldocchi, 2005). Regional upscaling could be achieved by
calibrating event-scale models with CHIRPS rainfall, MODIS LST, and Sentinel-2
NDVI/EVI, linking flux-tower observations to spatial patterns of rainfall-pulse
prediction, post-wetting responses, and carbon-cycle dynamics across East African
drylands (Palmer ez a/., 2023 ; Lucht, 2011). Comparative sensitivity analyses between the
Rprand FluxPulse formulations across contrasting dryland sites are essential to evaluate
parameter robustness and model transferability (Jian e a/., 2024). Such analyses would
clarify whether differences in predicted Reco arise from parameter values or structural
assumptions, thereby identifying which components of each framework are generalisable
versus site-specific.

5.3. ECOLOGICAL AND CLIMATIC SIGNIFICANCE

The role of antecedent soil moisture and dry-period duration in this study underscores
the significance of ecohydrology in regulating carbon exchange in East Africa. As
precipitation regimes become increasingly intense and episodic, the frequency and
magnitude of respiration pulses are likely to increase, potentially offsetting productivity
gains and weakening the regions carbon-sink capacity (Ahlstrém et al., 2015; Nguyen et
al., 2025). Notably, intensification of rain events may also extend soil-moisture
persistence, sustaining microbial and root activity for longer durations. The overall carbon
balance could therefore have a greater dependency on the interplay between microbial
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activation, substrate availability, and diffusive limitation, an uncertainty that long-term
flux networks are well positioned to constrain (Hao ez a/, 2025). These findings highlight
the need to treat drylands not as uniformly carbon-limited systems but as ecosystems
whose function emerges from short-lived, precipitation-driven flux events.

5.4. APPLIED RELEVANCE AND OUTLOOK

Beyond advancing methodology, this study offers operational value for improving
regional Reco partitioning, carbon accounting and ecophysiological monitoring in Fast
Atfrica (Dinku ez al., 2014). The event-based approach and the Rpr framework can be
integrated into flux-network bias-correction workflows, helping to interpret abrupt Reco
pulses in critically arid dryland landscapes that are too brief for existing models to explain.
This framework has the potential to underpin spatially explicit productivity forecasts
across Bast African drylands, informing sustainable rangeland management and climate-
adaptation strategies, aligning with ILRI’s goals to translate ecosystem-scale science into
actionable, data-driven tools for land-use and climate mitigation (Boone ef a/., 2018).

5.5. CLOSING SYNTHESIS

Collectively, this work demonstrates that understanding the event-scale mechanisms
governing dryland productivity is essential to predicting how semi-arid ecosystems will
respond to intensifying rainfall variability. By uniting empirical and data-driven
perspectives, this thesis provides a foundation for scaling semi-arid pulse-driven
processes within regional flux networks and global biogeochemical models. Overall, the
tindings demonstrate that in dryland ecophysiology, the sensitivity of productivity is
inscribed not in the slow progression of seasons, but in the complex cadence of rainfall
pulses.
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7. LIST OF ABBREVIATIONS

EC:
NEE:
Reco:
GPP:
SWC:
RSWC:
WEFPS:
CWD:
PPFD:
Riop:
Rowisture:
Rpr:
Rxcs:
DTW:
NSE:
RMSE:
MAE:
QC:
SHAP:
GAM:
XGBoost:
IRGA:
ITCZ:
10D:
ENSO:
CHIRPS:
MODIS:

Eddy Covariance

Net Ecosystem Exchange
Ecosystem Respiration

Gross Primary Productivity

Soil Water Content

Relative Soil Water Content
Water-Filled Pore Space

Climatic Water Deficit
Photosynthetic Photon Flux Density
Reco Temperature-Response Curve Model
Reco Moisture Corrected

Reco Peak - Tail

Reco XGBoost

Dynamic Time Warping
Nash—Sutcliffe Efficiency

Root Mean Square Error

Mean Absolute Error

Quality Control

Shapley Additive Explanations
Generalised Additive Model
Extreme Gradient Boosting
Infrared Gas Analyser

Intertropical Convergence Zone
Indian Ocean Dipole

El Nifio—Southern Oscillation
Climate Hazards Group InfraRed Precipitation with Station data

Moderate Resolution Imaging Spectroradiometer
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APPENDIX 1: INSTRUMENTATION AND MEASUREMENT
SPECIFICATIONS

Table Al. Instruments deployed at Kapiti, their manufacturers, measured variables,

heights, and sampling frequencies.

archive

M t
easuremen Instrument Manufacturer Measured variables ||Height |[Sampling
category
3D wind veloci
Eddy-Covariance |WindMaster Pro 3D ||Gill Instruments (u Vw\:; s\;i:::;mw 43m 10 Hz (LI-COR
System sonic anemometer  ||Ltd (UK) T ’ SmartFlux)
temperature (T;)
LI-7500Ds -path|[LI-COR 10H
open-path =L CO,, H,0 densities £
Infrared Gas Analyser||Biosciences (umol mol™") 4.3 m (synchronised
(IRGA) (USA) H with anemometer)
LI-COR /
SmartFlux System + Data acquisition & Tower .
CR1000X datalogger Campbell synchronisation base Continuous
8" | Scientific (UsA) ||
Biometeorological HMP155 probes (2) Vgisala Oyj Airtgmperat.ur.e, b4 m 1 Hz » 30-min
sensors (Finland) relative humidity means
TR-525M tipping- LI-COR N .
bucket Biosciences Precipitation 1.5m 1tip=0.2mm
ucket gauge (USA)
) Kipp & Zonen Net radiation (SW 1 Hz = 30-min
CNR4 netrad t 4
netradiometer (Netherlands) infout, LW infout) m means
LI-COR Photosynthetic photon .
Is_le;:c?:‘ quantum Biosciences flux density (PPFD, 4 m ;g;:SSO-mm
(USA) 400-700 nm)

R . ) . 5,15, 30 .
Soil microclimate |[ECH,O 5TM METER Group Volumetric soil water cm 1 Hz » 30-min
sensors sensors (3) (USA) content (B) depth means

i Campbell . 5, 15,30 1 Hz » 30-min
107 thermistors (3) L Soiltemperature (T;} ||lcm
Scientific (USA) means
depth
. Solar-battery array + ||[Campbell
Ancill t 12V \ — —
neitiary systems || ontroller Scientific (USA) power supply
Sutron 8210 Sutron Corp Rec!ur_udant'lf, RH, 1 Hz = 30-min
radiation, rainfall 2-4 m
datalogger (USA) means

Flux computation
& corrections

EddyProv7.0
software

LI-COR
Biosciences
(USA)

CO,, H,O,H,LE, T
fluxes + diagnostics

Post-processing
(30 min)
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APPENDIX 2: DATA PROCESSING WORKFLOW

High-frequency raw data were processed in EddyPro v7.0 following FLUXNET Tier 1
protocols (Pastorello ez al., 2020). Key steps included:

1. Coordinate rotation: to align the vertical axis with the mean flow (W = 0)
(McMillen, 1988).

2. Time-lag correction: by covariance maximisation (£1 s) between wind and
scalar signals (Foken ez al., 2011).

3. Plausibility filtering: removing physically impossible values |[NEE| > 50 umol
CO2; m™ s™! (Vickers & Mahrt, 1997).

4. Spectral transfer corrections for high- and low-frequency attenuation
(Moncrieff ez al., 1997).

5. Density correction (WPL) converting raw covariances to true molar fluxes of
COg and H;O (Webb e al.,, 1980).

Quality-controlled 30-min flux data were processed in R (v4.5.2) and merged with
biometeorology records. Data gaps <3h were linearly interpolated, and fluxes with QC

>1 were excluded. All time series were converted to UTC +3 and integrated into a unified
multiyear dataset (2018—2020) indexed by date-time.
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APPENDIX 3: ENVIRONMENTAL COVARIATES

Table A3. Derived environmental covariates metrics used in the analysis, including their
descriptions, equations, and units.

- 44 -

‘Symbol ‘ Description

) \Volumetric soil-water content (m* m™)
wp Observed wilting point

fc Observed field capacity

o_b Bulk density (1.3 gcm™)

o_p Particle density (2.65 gcm™)

t Time (h)

T Differencing interval (h)

a ‘Stabilising constant (0.1 mm)

Variable group Description Equation Unit
Soil moisture Relatwg soil water contenf [RSWC}_: _ -
Normalised to field capacity and wilting — (0-1)
normalisation . . 8. —8
point to express plant-available water WP
fraction.
(Water-filled pore space (WFPS): Bp fraction
Proportion of total soil porosity occupied byl 1- i
'water.
Soil moisture and Difference change in shallow soil moisture 9, —8 m? m-* b
thermal metrics over x-h interval (ASWC,,, ASWC,.) to e
Cumulative rate of desiccation during Oonser = Psrare -t R
preceding dry period (ASWC_dryspan) tonser = Lerare
Total precipitation accumulated within Z P, mm
each wet event (P_wet_total) =
Running cumulative precipitation and t
evapotranspiration since wet onset Z Py or ET; mm
(CumP_t, CumET_t) I=tonser
o of - —
Hydrological balance Ratio of cu m_ulafwe ple_clpltatlon t_o Cumpt
evapotranspiration during wet period —————since wet onset -
metrics ) CumETt
(P/ET_since_wet)
Log-transformed wet-phase P/ET ratio I P+a
(Log(P/ET) )
Running climatic water deficit
(CWD_running): med 0, CWD,_; + (ET, — P,)) |[mm
Cumulative Evaporative Stress
Antecedent Cumulative Water Deficit
(ET - P) at Birch onset Z (ETi = Py) mm
iedry
Temporal descriptors Elapsed time since wet-period onset t—t h
po {hﬁ_SiﬂCe_WﬂT_'Df'ISﬂlJ wel onsel
Elapsed time since preceding dry-period £— ¢ h
onset (hrs_since_dry_onset) dry onset
Total length of wet or associated dry period ¢ : h
(Wet_duration_hr, Dry_duration_hr) anset — “offset
Normalised position within wet window b = bwet onset 0 = onset
(Wet_Pos) bt of rset - bwet onset 1 = offset)
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