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Abstract Leaf veins hydrate and sustain leaf tissue for photosynthesis. During drought and freeze events, embolisms can form in xylem con-
duits, ceasing the transport of water. Understanding the formation and propagation of embolisms is crucial to predicting species’ responses 
to a changing climate. We develop a novel spatio-temporal model for embolism propagation, explore the dynamics of xylem cavitation through 
spatial survival analysis modelling, and quantitatively examine the relationship between leaf venation features and embolism propagation. Our 
work models embolism propagation through spatial survival modelling, allowing us to compare the importance of different factors (vein thick-
ness and spatial dependency) in embolism formation and predict future embolism occurrences. The model is fitted to published spatio-temporal 
embolism data for leaves of eight evergreen tropical tree species collected using the optical vulnerability technique. Results derived from our 
analyses shed light on the role of venation patterns on embolism formation. We found that incorporating spatial dependency reduces uncertainty 
in estimating vulnerability curves and posterior predictive error, thus supporting the notion that embolism formation exhibits spatial dependence. 
Specifically, the likelihood of embolism in a vein segment increases when adjacent veins are affected. Furthermore, including vein thickness in-
formation improves the prediction of future embolism events. Additionally, our model revealed that leaves with more connected vein networks 
(i.e. the degree of connectivity) exhibit a more pronounced pattern of embolizing from thicker to thinner veins. Understanding the formation and 
propagation of embolisms is crucial to understanding species’ responses to a changing climate. The proposed model provides a statistical tool 
to extract quantifiable insights on embolism propagation and how it is associated with observable leaf features, such as network connectivity. 
This approach allows for a systematic assessment of species’ responses to a drying climate.
Keywords: embolism; leaf hydraulics; spatial survival analysis; tropical tree drought resistance; xylem vulnerability curves.

Introduction
Leaf veins supply water to leaf tissue to maintain hydration 
and sustain photosynthesis (Sack and Holbrook 2006). Water 
is transported to the leaves in a continuous column driven 
by a tension gradient generated when water evaporates from 
the open leaf stomata, which increases the tension on the 
column, generating the flow of water from the roots to the 
leaves (Dixon and Joly 1895; Dixon 1914; Scholander 1972; 
Zimmermann 1983; Boyer 1985). During drought, tension in 
the water column increases, causing gas bubbles to expand 
and embolize xylem conduits, which can then no longer trans-
port water (Tyree and Sperry 1989). The xylem in leaves is 
thought to be at the greatest risk of embolism formation and 
propagation because water in the leaves is under the greatest 
tension of the whole plant (Tyree and Ewers 1991). Leaf archi-
tecture generally reflects a trade-off between maximizing the 
efficiency of water movement and safety to limiting embolism 

formation and propagation, with larger leaf veins that trans-
port water more efficiently also being more susceptible to em-
bolisms (Hacke et al. 2006; Brodribb et al. 2016a).

Land plants exhibit highly variable leaf venation network 
architectures, from a singular vascular strand in some coni-
fers, open net venation in ferns, predominantly parallel vines 
in monocots, to reticulated patterns in dicots (Blonder et al. 
2020). Leaf veins are composed of bundles of xylem con-
duits, and the size, number, density, and network architecture 
of these conduits vary among groups of plants and can vary 
within a single leaf. Angiosperms have hierarchical, reticu-
late network venation architectures typically with large leaf 
xylem conduits arranged in bundles in the primary veins and 
highly reticulated small single conduits in tertiary veins (Sack 
and Scoffoni 2013; Scoffoni et al. 2017). Previous studies 
have found that embolism events start in the larger leaf veins 
in some species of ferns and in angiosperms such as oaks, 
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eucalyptus, tomatoes, and wheat (Brodribb et al. 2016a, b; 
Skelton et al. 2017; Johnson et al. 2018; Skelton et al. 2021), 
supporting the hypothesis of a trade-off between hydraulic 
efficiency and safety (Brodribb et al. 2016a). These findings 
suggest that the complexity of vein network architecture plays 
a role in the degree of disruption to the water supply. For ex-
ample, in plants with simpler vein network architecture, such 
as ferns or monocotyledons like palms, a single embolism 
event can propagate unrestricted to a larger proportion of 
a leaf’s venation network causing greater disruption to the 
leaf water supply (Brodribb et al. 2016a). However, in species 
with more complex vein network architecture such as those 
found in many dicotyledons, the propagation of embolisms 
is more restricted to a smaller proportion of a leaf’s vein net-
work causing less disruption to the leaf water supply.

While previous studies have established a link between 
vein size and embolism formation (Brodribb et al. 2016a, 
b; Skelton et al. 2017; Johnson et al. 2018; Skelton et al. 
2021; Isasa et al. 2023) and hypothesized spatial proximity 
of vessel conduits plays a role in embolism formation (Tyree 
and Sperry 1989), our research extends this investigation to a 
wider range of leaf venation features. This broader focus was 
driven by the hypothesis that additional vein characteristics, 
beyond just vein size, may significantly impact embolism for-
mation (Sack and Scoffoni 2013).

To examine the relationship between leaf venation features 
(e.g. average vein density, the number of areoles, and vein 
connectivity) in addition to vein size and the spatio-temporal 
pattern of embolism propagation across a large dataset, two 
key challenges must be addressed. First, we need to auto-
mate the process of obtaining the leaf venation features, 
as manually analysing a large dataset would be excessively 
time-consuming and labour-intensive. Secondly, we require a 
model that can disentangle the potential driving factors (vein 
thickness and spatial dependency) of embolism propagation.

Although many studies have observed that higher vein or-
ders tend to embolize earlier, these analyses relied on manual 
annotation of vein order, a method not scalable to large 
datasets (Brodribb et al. 2016a, b; Skelton et al. 2017; Johnson 
et al. 2018; Skelton et al. 2021). The work by Isasa et al. 2023 
addressed this limitation by using vessel diameter obtained 
through automated leaf venation network segmentation soft-
ware developed by Xu et al. 2021, and exploring the relation-
ship it has with P50, using linear mixed-effects model. Although 
this method allowed them to investigate the temporal aspect 
of vein size on embolism propagation, their focus remained on 
vein size, without exploring other aspects of venation features 
or the spatial aspect of embolism propagation.

Based on previous findings, our proposed survival model 
framework for modelling embolism propagation integrates 
three components: a basic temporal component, a spatial 
component, and a vein thickness component. This separation 
allows us to explicitly examine the relationships between 
these components and leaf venation features (e.g. average 
vein density, the number of areoles, and vein connectivity). 
By identifying associations between leaf venation features 
and embolism propagation factors, we can better predict 
embolism behaviour based on species’ venation network fea-
tures. Moreover, with the separation of potential embolism 
factors (vein thickness and spatial dependency), our model 
enables us to investigate whether these factors influence the 
estimation of xylem vulnerability curves and the prediction of 
future embolism events, and how these factors differ across 

species. This approach also allows us to assess the relative 
importance of vein thickness and spatial dependency in em-
bolism progression for each species.

Our proposed spatial survival model is designed to quan-
tify the spatio-temporal patterns of leaf embolism propaga-
tion and to examine their relationships with leaf venation 
features. We developed three variations of these models, 
differing in their assumptions about the structure of spatial 
proximity and the inclusion of the vein thickness component. 
Here, we fit our models to eight evergreen wet tropical forest 
angiosperm tree species and address the following questions:

1)	Do potential embolism propagation factors, such as vein 
thickness and spatial dependency, influence the estima-
tion of xylem vulnerability curves and prediction of fu-
ture embolism occurrences? Here, spatial dependency 
refers to the assumption that embolism events in neigh-
bouring veins occur at similar times.

2)	What relationships exist between the spatio-temporal dy-
namics of embolism propagation and leaf venation fea-
tures (e.g. average vein density, the number of areoles, and 
vein connectivity)? Beyond the tendency of thicker veins 
to embolize earlier based on earlier empirical findings 
(Brodribb et al. 2016a, b; Skelton et al. 2017; Johnson 
et al. 2018; Skelton et al. 2021; Isasa et al. 2023 ), it re-
mains unclear what is the connection between the leaf 
vein network connectivity and embolism occurrences.

3)	As a robust model should not only discover new insights 
but also validate existing findings, we aim to see whether 
our model confirms that thicker veins tend to embolize 
earlier and how the temporal aspect of our model com-
pares to P50 of previously published leaf optical vulner-
ability curves (Smith-Martin et al. 2022, 2023). This 
allows us to establish the reliability of our model in 
both supporting known phenomena and exploring new 
aspects of embolism propagation.

Understanding embolism formation plays a pivotal role in 
deciphering how plants respond to drought. While previous 
studies have successfully summarized temporal information of 
embolism formation through vulnerability curves and investi-
gated the connection between these curves and vein thickness, 
they encountered limitations in conventional statistical meth-
odologies (e.g. Pearson correlation coefficient, linear mixed-
effects model). These limitations precluded the consideration 
of the spatial dependence aspect of embolism formation and 
hindered their capacity to model different driving factors of 
the embolism formation process. Our proposed spatial sur-
vival model surmounts these challenges. It presents an ap-
proach to modelling embolism formation that accounts for 
both the spatial dependence among veins and the thickness 
of these veins simultaneously, enriching our understanding of 
the spatio-temporal dynamics governing embolism formation.

Materials and methods
Replication statement

Scale of 
inference

Scale at which the factor of 
interest is applied

Number of replicates at the 
appropriate scale

Individual Individual 4–8 individuals per species

Species Species 8 species
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Optical vulnerability curves
We used previously published leaf optical vulnerability curves 
(Smith-Martin et al. 2022, 2023) that were collected at 
Luquillo Experimental Forest in El Yunque National Forest 
(EYNF) located in northeastern Puerto Rico. The EYNF is 
classified as subtropical wet forest in the Holdridge life zone 
system (Ewel and Whitmore 1973), with mean annual pre-
cipitation ca. 3500 mm yr-1 and rainfall typically exceeding 
100 mm in all months, making this forest largely aseasonal. 
For eight common evergreen tree species in the EYNF, xylem 
vulnerability to embolism on four to eight individuals per spe-
cies (Table 1) was measured using the optical vulnerability 
technique (Brodribb et al. 2016a). See details in (Smith-
Martin et al. 2022, 2023).

Optical vulnerability image data
The optical vulnerability image data originates from the 
same source as the previously mentioned optical vulnerability 
curves (Smith-Martin et al. 2022, 2023). This data was ori-
ginally obtained using the optical vulnerability technique 
(Brodribb et al. 2016a). The images have a resolution of 
960 × 1280 pixels.

Data processing
To make the optical vulnerability image data suitable for our 
proposed spatial survival model, several processing steps are 
essential. These data processing steps encompass the extrac-
tion of vein segments as the unit of analysis, the computation 
of vein thickness for each vein segment, the construction of 
a venation network to encode spatial dependencies between 
vein segments, and the determination of whether an embolism 
event occurred for each vein segment.

Vein segmentation process  For the spatial model pro-
posed in this paper, we treated "vein segments" as units of 
observation rather than pixels. This approach allowed us 
to study embolism propagation in a more biologically rele-
vant manner. Furthermore, it reduced the sample size from 
roughly 1 000 000 pixels down to hundreds of vein segments 
per leaf sample, which substantially lowered the computa-
tional complexity of the analysis. We first identified the veins 
using phenoVein (Bühler et al. 2015), a semi-automated leaf 
vein segmentation software. The resulting image marks the 
positions of branching and ending points for each vessel in 
the sample. Using these markers, we defined a vein segment 

as the section of the vein occurring between two branching 
points, or between one branching point and one ending point 
(Fig. 1; Supplementary Fig. S1). We conducted a visual check 
after the automated segmentation to ensure accuracy. When 
we identified major issues with the segmentation quality (e.g. 
not correctly identifying the higher-order veins), manual cor-
rections were made to improve the results. It is possible that 
one xylem conduit could be separated into multiple vein seg-
ments, or that one vein segment contains multiple xylem con-
duits (Mrad et al. 2021; Bouda et al. 2022). Nevertheless, this 
is the best approximation achievable given the present reso-
lution of available images.

Vein thickness measurements  To explore the import-
ance of vein thickness in embolism formation, we estimated 
the thickness of each vein segment using the binarized image 
generated through phenoVein during the vein segmentation 
process. An intuitive approach for estimating the segment’s 
thickness is to first find the medial axis of the vein segment 
and then calculate the width of the vein segment, which 
should be perpendicular to the medial axis. We identified the 
medial axis through the distance transform (van der Walt et 
al. 2014). The distance transformation displays the distance 
of a vein pixel to the closest background pixel for each vein 
pixel, and the vein pixels with higher distance transform 
values form the medial axis. Assuming the symmetric geom-
etry of veins, vein thickness is twice the maximum pixel-level 
distance transform value of the medial axis (Fig. 2).

Venation network construction  To address whether 
spatial connectivity of the venation network plays a role in 
the spatio-temporal spread of embolisms, we defined neigh-
bours as any two vein segments that were connected in the 
resulting image from phenoVein (Fig. 1).

Embolism events  In our study, if there was at least one 
embolized pixel in a particular vein segment for the image, 
we defined it as one embolism candidate event for that vein 
segment. After iteratively removing the spillover candi-
dates detailed in Supplementary Notes S1, we mapped the 
embolized pixels to an embolism event. Our primary focus is 
the timing and location of these embolism events. To address 
the "where" aspect, we utilized spatial neighbouring infor-
mation from the vein network. For the "when" dimension, 
we employed water potential associated with each embolism 
event, using its decrease over time as an implicit indicator 

Table 1. List of species used in this study, code used in figures, their families, and number of individual trees measured per species.

Species Code Family Num. individuals

Alchornea latifolia ALCLAT Euphorbiaceae 4

Casearia arborea CASARB Flacourtiaceae 8

Cecropia schreberiana CECSCH Moraceae 7

Drypetes glauca DRYGLA Euphorbiaceae 7

Inga laurina INGLAU Fabaceae 6

Ocotea leucoxylon OCOLEU Lauraceae 5

Sloanea berteroana SLOBER Elaeocarpaceae 8

Tabebuia heterophylla TABHET Bignonaceae 8
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of the event duration. Using the spatial neighbouring infor-
mation and water potential of embolism events, we turned 
to our spatial survival model to unravel the spatio-temporal 
dynamics of these spatially referenced time-to-event em-
bolism data.

Spatial survival analysis
Survival analysis has long been a cornerstone in medical re-
search for examining time-to-event data, such as the time-
lapse until a critical event (e.g. death) occurs. In our study, 
we applied this methodology to time-to-event data related to 
embolism occurrence. An embolized vessel conduit remains 
permanently obstructed after an embolism occurrence, which 
makes survival analysis an appropriate method for our study. 
The survival probability of a vein segment at a given time is 
defined as the probability that the segment has not experi-
enced an embolism event up to that specific time. We fur-
ther establish a connection between survival functions and 
the commonly utilized vulnerability curves (Supplementary 
Notes S2). The connection reassures us that the spatial 

survival model we proposed is built upon the foundation of 
xylem analysis that others have laid.

Another reason why we chose to use survival analysis 
models for modelling the spatio-temporal dynamics of em-
bolism formation is that survival models took censored 
vein segments into consideration. Right-censoring occurs 
when the event happens after the observation period ends. 
If we compare the veins extracted and observed embolism 
events (Fig. 1c, d), there are some vein segments that did not 
embolize during the observation period (i.e. right-censoring). 
On the other hand, left-censoring happens when the event 
takes place before the observation period starts. Although 
we do not have data to characterize left-censoring, the re-
searchers who collected the data took great care to minimize 
water loss before measurements (Smith-Martin et al. 2022, 
2023). Hence, we focussed on dealing with right-censoring 
in this study. If we ignore the censored vein segments, not 
only will the spatial dependence between vein segments be 
incorrectly captured, but also the estimation of the embolism 
formation probability would be overestimated (Watt et al. 

Figure 1. (a) Unprocessed image of a Ocotea leucoxylon sample. (b) Binarized image derived from the first image using phenoVein. (c) Locations of the 
branching points and ending points are highlighted by markers through phenoVein. (d) Visualization of embolism events during desiccation (i.e. increases 
in water potential, wp). Panels e–g show posterior frailties (measured by log odds ratio) for the three models considered, red colouring represents 
higher frailty. Higher frailties indicates a greater probability of embolism. Censored vein segments are visualized by thinner veins, while vein segments 
that embolized during observation are represented by thicker veins. (e) Spatial-Independent model. (f) Spatial-Dependent model. (g) Spatial-Dependent-
Vein-Thickness model.

Figure 2. (a) A greyscale image example of a vein segment. (b) The binarized image of the vein segment. (c) The distance transform of the vein segment 
visualizes how far each vein pixel is from the background pixel. The pixels with higher values form the medial axis. The maximum Euclidean distance of 
the pixels on the medial axis to the nearest background pixel is 6.403, and hence the thickness for this vein segment is estimated as 2× 6.403.
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1996; Leung et al. 1997). Specifically, if a censored vein seg-
ment is connected to many other veins, then failing to con-
sider the censored data might cause spatial discontinuity in 
the estimated embolism formation probability. Therefore, we 
included both vein segments with observed events and right-
censored vein segments in calculating our likelihood function 
for all of our models.

To perform spatial survival analyses, we first extracted time-
to-event areal data from the raw leaf images obtained through 
the optical vulnerability technique (Brodribb et al. 2016b). 
The embolism event data for the spatial survival model can be 
summarized using an adjacency matrix for the venation net-
work (E = {eij}), event indicator (δ = {δi : i = 1, . . . , m})
, and event water potential ( t̃ = {ti i = 1, . . . , m}). 
Considering a total of m vein segments, eij is 1 if the ith and 
the jth vein segments are neighbours; else eij has a value of 0. 
δi is ith vein segment’s embolism event indicator, with a value 
of 1 if the ith vein segment embolized during the observation 
period and of 0 otherwise. ti is the water potential associated 
with the ith vein segment when δi = 1. If there is no embolism 
event observed in the ith vein segment (i.e. δi = 0), ti would 
be the water potential associated with the end of the obser-
vation period.

We proposed a spatial survival model framework that div-
ides embolism formation into three fundamental components: 
temporal, spatial, and vein thickness. Based on this frame-
work, we developed three proportional odds models (Zhou 
et al. 2020): the Spatial-Independent model, the Spatial-
Dependent model, and the Spatial-Dependent-Vein-Thickness 
model. These models differ in their treatment of spatial and 
vein thickness components (Table 2). The Spatial-Dependent 
and Spatial-Dependent-Vein-Thickness models assume that 
neighbouring vein segments are likely to embolize around 
similar times, while the Spatial-Independent model does not 
have this model assumption. The Spatial-Dependent-Vein-
Thickness model additionally incorporates the vein thickness 
component, unlike the Spatial-Independent and Spatial-
Dependent models. By exploring different combinations of 
these components across the three models, we aim to gain 
a deeper understanding of how spatial proximity and vein 
thickness influence embolism propagation. The survival func-
tion for a vein segment at a given time t represents the prob-
ability that the segment has not experienced embolism up to 
time t. For the ith vein segment in the Spatial-Independent 
and Spatial-Dependent models, the survival function is de-
fined as follows:

Si (t) =
e−vi S0,θ (t)

1+ (e−vi − 1) S0,θ (t) (1)

where vi is the ith vein segment’s unobserved spatial frailty. 
If the spatial frailty is large, the embolism events tend to 
occur earlier. S0,θ (t) is the basic temporal component 
encoding the survival corresponding to no spatial depend-
ence (i.e. vi = 0). The term "frailty" refers to the random 
effect within a survival model, consistent with the termin-
ology used in the survival analysis literature (Hougaard 
1995).

However, the priors are different for the spatial frailty for 
the Spatial-Independent and Spatial-Dependent models. The 
priors were chosen to determine if (i) location is irrelevant 
to the probability of embolism formation, or (ii) the prob-
ability depends on embolism formation in neighbouring 
veins. The two different priors on spatial frailty are the "inde-
pendent and identically distributed (IID) Gaussian prior" for 
the Spatial-Independent model and the "intrinsic condition-
ally autoregressive (ICAR) prior" for the Spatial-Dependent 
model.

IID prior:

(v1, . . . , vm)
� |τ2 i.i.d.∼ N

Ä
0, τ2
ä

(2)

ICAR prior:

vi |
{
vj
}
j�= i, τ2 ∼ N

Ñ
m∑
j=1

eijvj
ei+

,
τ2

ei+

é

(3)

where the number of neighbours that the ith vein segment 
has is denoted by ei+ =

∑m
j=1 eij. The ICAR prior (Eqn. 3) 

assumes smoothness between neighbouring vein segments’ 
frailty, that is, embolism formation of neighbouring spatial 
locations should occur around a similar time. In contrast, 
the IID prior (Eqn. 2) assumes the embolism events occur in-
dependently for different locations, disregarding any spatial 
correlations. This can lead to less accurate predictions when 
spatial dependencies are significant. However, the ICAR 
prior might overfit the data if the actual spatial dependency 
is weaker than anticipated, potentially leading to inaccurate 
results. To address this, we are adopting a data-driven ap-
proach to evaluate which model better fits the data, thereby 
gaining insights into how spatial proximity influences em-
bolism propagation.

The final proposed model, named the ‘Spatial-Dependent-
Vein-Thickness’ model, is a spatially dependent model that 
incorporates vein thickness. While the prior on the frailties is 
still the ICAR prior (Eqn. 3), the data and survival function 
are extended to include the vein thickness information (Eqn. 
4). That is, the data for the Spatial-Dependent-Vein-Thickness 
model includes not only the adjacency matrix for the venation 
network (E), event indicator (δ), event water potential ( t̃), but 

Table 2. Models used in this study, with the types of information each model leveraged. Temporal, spatial, and vein thickness information are encoded 
in the sequences of images that capture the process of embolism. All the models utilized temporal information. However, the KM estimator did not 
leverage spatial and vein thickness information. Furthermore, the Spatial-Dependent-Vein-Thickness model is the only model that explicitly made use of 
the vein thickness information.

Model name Temporal Spatial Vein thickness

KM estimator (baseline) Yes No No

Spatial-Independent model Yes Yes (IID prior, Eqn. 2) No (Eqn. 1)

Spatial-Dependent model Yes Yes (ICAR prior, Eqn. 3) No (Eqn. 1)

Spatial-Dependent-Vein-Thickness model Yes Yes (ICAR prior, Eqn. 3) Yes (Eqn. 4)
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also vein thickness (x = {xi : i ∈ 1, ...,m}), where xi is the 
ith vein segment’s vein thickness. The Spatial-Dependent-
Vein-Thickness model is built upon three main components: 
a basic temporal component S0,θ (t), a spatial component vi 
(along with the ICAR prior), and a vein thickness component 
βxi, with the corresponding survival function:

Si (t) =
e−(vi+βxi) S0,θ (t)

1+
(
e−(vi+βxi) − 1

)
S0,θ (t) (4)

The main parameters we’re estimating are the Weibull par-
ameter (θ), which controls the temporal component; the spatial 
dependence parameter (τ−2), and the vein thickness regression 
coefficient (β). The Weibull base survival function Sθ (t) in the 
basic temporal component (S0,θ (t)) leverages the temporal in-
formation and governs the basic embolism progress over time for 
an entire leaf. Then, at the finer scale of vein segments, the spatial 
dependence parameter (τ−2) from the spatial component (Eqn. 
3) accounts for the spatial smoothness of neighbouring vein seg-
ments. Greater values of the spatial dependence parameter indicate 
a higher likelihood of neighbouring vein segments undergoing em-
bolism in a synchronized manner. Network connectivity is incorp-
orated through the ICAR prior, capturing the spatial relationships 
within the vein network. Also, at the same scale, the vein thickness 
regression coefficient (β) from the vein thickness component deter-
mines the magnitude of the effect of the vein segment’s thickness on 
embolism dynamics. If the vein thickness regression coefficient is 
larger, it means vein thickness is a more crucial factor for predicting 
embolism propagation than spatial proximity.

Model evaluation
We evaluated the performance of our proposed spatio-temporal 
models relative to the simple temporal model (KM estimator) 
by quantifying the amount of uncertainty reduced. The KM esti-
mator (Kaplan and Meier 1958), a standard method in survival 
research, assumes no spatial dependence in embolism forma-
tion. Specifically, we calculated the 95% credible band area of 
the survival function for each model and quantified the relative 
change to the non-spatial model (KM estimator). If the spatial 
survival models successfully reduce the uncertainty of the esti-
mates, the relative change should be more negative, meaning the 
spatial survival models produce a narrower credible band area 
on the survival probability estimates than the KM estimator.

We also evaluated the overall improvement of the two 
Spatial-Dependent-related models (i.e. Spatial-Dependent 
and Spatial-Dependent-Vein-Thickness models) over the 
Spatial-Independent model through a common model com-
parison criterion, the deviance information criterion (DIC) 
(Spiegelhalter et al. 2002). This criterion quantifies how well 
the model fits the data while penalizing model complexity.

We further compared how the two Spatial-Dependent-
related models’ discrimination ability improved over the 
Spatial-Independent model through a concordance index 
(Harrell et al. 1996; Pencina and D’Agostino 2004). A com-
parable pair is a pair of vein segments with different event 
times. The concordance index (C-index) is defined as the 
probability that a random comparable pair of vein segments’ 
frailties (measured by log odds ratio), vi and vj is correctly 
ordered over the temporal evolution of embolism formation.

P(vi > vj|ti < tj) (5)

The larger value of frailty implies an increased risk of 
embolizing. If the ith vein segment embolized earlier than 

the jth vein segment (ti < tj) and the model’s prediction is 
along the same direction as the observed event times, then the 
corresponding the ith vein segment’s frailty should be larger 
(vi > vj). We used the first 80% and the later 20% of observed 
embolism events as training and testing sets, respectively. The 
80%–20% split, originating from the Pareto Principle, has 
been a well-supported practice for many empirical studies 
(Gholamy et al. 2018). To prevent overfitting, we calculated 
the C-index only on the testing set. During this particular 
evaluation set-up, models were trained on the training set 
only. We then estimated the C-index as the proportion of cor-
rectly ordered pairs among comparable pairs (i.e. ith vein seg-
ment is uncensored, δi = 1 and embolized earlier than the jth 
vein segment, ti < tj) from m′ vein segments in the testing set:

C =

∑m′

i=1
∑m′

j=1 1vi>vj · 1ti<tj · δi∑m′

i=1
∑m′

j=1 1ti<tj · δi (6)

This statistic summarizes the model’s ability to separate dif-
ferent responses for predictions along a time horizon. A higher 
C-index value means better model performance in predicting 
the order of embolism events. If the value is not significantly 
different from 0.5, then the model’s predictive ability is no 
better than random guessing. We compared performance be-
tween three spatio-temporal models (Spatial-Independent, 
Spatial-Dependent, and Spatial-Dependent-Vein-Thickness 
models) using two-way mixed analysis of variance (ANOVA) 
to determine if there are significant differences among at least 
two models. Once the difference was confirmed to be signifi-
cant, we used paired t-tests with Bonferroni adjustments to 
understand which model had the best discrimination ability. 
More specifically, we compared the discrimination ability for 
a pair of two different models on the same sample to inves-
tigate which model has a better mean C-index, then we re-
peated the process on a different pair of models.

We assessed the relationship between vein features and 
the Spatial-Dependent-Vein-Thickness model parameters 
(β, τ−2, θ1, θ2) through between-species Pearson correlation 
coefficients. We considered three vein features, including 
average vein density, the number of areoles per area, and de-
gree of connectivity. The number of areoles per area provides 
a measure of the loopiness of the venation network (Blonder 
et al. 2011). The degree of connectivity is a common metric 
for summarizing how connected a transportation network is 
(Kansky 1963). In our study, we measure the connectivity of 
the venation network of leaf l as:

Connectivityl =
No. branching pointsl
No. vein segmentsl (7)

The average number of branching points, average number 
of vein segments, average connectivity, and standard devi-
ation of connectivity for each species are shown in Table 3.

We evaluated the relationship between hydraulic vulner-
ability, namely through the mean P50 (MPa) obtained using 
the optical vulnerability technique (Smith-Martin et al. 2022, 
2023) and different components of embolism propagation. 
Specifically, we calculated Pearson correlation coefficient be-
tween species P50 and the mean Spatial-Dependent-Vein-
Thickness model parameters, including the mean vein thickness 
regression coefficient (β̄), the mean spatial dependence par-
ameter (τ−2 ), and the mean Weibull base survival function 
parameters (θ̄1, θ̄2). Since our data is clustered into species, 
we decomposed the total correlation (i.e. the classic Pearson 
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7Spatio-temporal model of embolism propagation

correlation coefficients computed at individual sample level) 
into between-species correlation and within-species correlation 
(Marzban et al. 2013). The total correlation is computed by 
neglecting the species structure of the data, assuming all sam-
ples are independent. However, this is not valid in our situ-
ation, where samples within the same species are dependent. 
Therefore, we considered either between-species correlation or 
within-species correlation, instead of total correlation. As our 
motivation is to see if we can predict a species’ mean parameter 
value or mean P50, instead of whether a parameter is correl-
ated with P50 for a particular species, we focussed on between-
species correlation. We compute between-species correlation 
using average parameter values and mean P50 for each species.

Results
Visual comparison
All three models (the Spatial-Independent, Spatial-Dependent, 
and Spatial-Dependent-Vein-Thickness) estimated similar 
frailties for uncensored veins, with the primary, thicker veins 
embolizing first, followed by higher-order veins (Fig. 1e–g). 
As for the frailties of the censored vein segments, the Spatial-
Dependent and Spatial-Dependent-Vein-Thickness models 
yielded similar estimates, whereas the Spatial-Dependent and 
Spatial-Independent models’ estimates were substantially 
different. As expected, because the ICAR prior imposes a 
smoothness assumption on vein segments that are connected, 
frailty values along a vein tend to be more similar compared 
with those using the IID prior. Nevertheless, the frailties of 
the Spatial-Independent model also picked up the broad ven-
ation structure on the uncensored veins, even without the 
smoothness constraint. This result reveals how venation 
structure naturally plays an important role in embolism for-
mation and demonstrates why the smoothness introduced by 
the ICAR prior would be reasonable for modelling the spa-
tial dependence of embolism formation.

Do potential embolism propagation factors, such 
as vein thickness and spatial dependency, influence 
the estimation of xylem vulnerability curves and 
prediction of future embolism occurrences?
The models with the spatial smoothness constraint (the 
Spatial-Dependent and Spatial-Dependent-Vein-Thickness 
models) performed the best in reducing the uncertainty of the 
survival function’s credible band area estimation, implying 

embolism formation was spatially dependent. Depending 
on the species, the mean relative changes for the Spatial-
Independent model were sometimes positive and sometimes 
negative, suggesting that this model does not reduce uncer-
tainty compared to the non-spatial KM estimator (Fig. 3). 
In contrast, mean relative changes were mostly negative for 
all species using the two Spatial-Dependent-related models 
(except for Cecropia schreberiana and Sloanea berteroana), 
demonstrating that the spatial smoothness constraint re-
duces uncertainty in patterns of embolism formation. In 
addition, model comparison using the DIC supports the 
notion that the two Spatial-Dependent-related models are 
better than the Spatial-Independent model at capturing em-
bolism formation patterns (Fig. 4), with the exception for 
Sloanea berteroana.

Vein thickness information improved the prediction of fu-
ture embolism events when the spatial dependency of em-
bolism formation is considered. The superior performance 
of the Spatial-Dependent-Vein-Thickness model in predicting 
the correct order of embolism events was supported by the 
data. The Spatial-Dependent-Vein-Thickness model had the 
highest mean C-index (M = 0.542, SD = 0.151) and had sig-
nificantly higher mean C-index than the other two models. 
The interaction term between model types and species in 
explaining the C-index was not statistically significant (F 
(8.09, 48.54) = 1.65, P = .13), ascertaining that the effect of 
model type on C-index is similar for different species. There 
was a statistically significant difference in C-index (F (1.16, 
48.54) = 9.314, P = .003) between at least two models among 
the three spatial survival models (the Spatial-Independent, 
Spatial-Dependent, and Spatial-Dependent-Vein-Thickness 
models). Pairwise comparisons revealed that the mean 
C-index was significantly different in Spatial-Dependent-Vein-
Thickness vs. Spatial-Dependent comparison (t (49) = −3.78, 
P = .001); in Spatial-Dependent-Vein-Thickness vs. Spatial-
Independent (t (49) = −3.66, P = .002), but not in Spatial-
Dependent vs. Spatial-Independent (t (49) = −2.15, P = .108).

What are the relationships between the spatio-
temporal dynamics of embolism propagation and 
leaf venation features?
Our analysis, based on the Spatial-Dependent-Vein-
Thickness model, revealed a significant positive correl-
ation between the vein thickness regression coefficient (β̄) 
and the degree of vein connectivity (Fig. 5), while the other 

Table 3. Summary statistics on vein thickness, number of branching points, number of vein segments, and degree of connectivity for each species. 
Each species code represents the following: ALCLAT, Alchornea latifolia; CASARB, Casearia arborea; CECSCH, Cecropia schreberiana; DRYGLA, 
Drypetes glauca; INGLAU, Inga laurina; OCOLEU, Ocotea leucoxylon; SLOBER, Sloanea berteroana; TABHET, Tabebuia heterophylla.

Code Mean vein 
thickness

Average standard 
deviation vein thickness

Mean no. 
branching points

Mean no. 
vein segments

Mean 
connectivity

Standard deviation 
connectivity

ALCLAT 20.68 7.04 1088.75 1748.25 0.62 0.014

CASARB 19.31 7.22 392.13 686.50 0.56 0.033

CECSCH 18.18 9.31 971.57 1568.86 0.61 0.025

DRYGLA 26.69 13.7 122.43 244.14 0.50 0.021

INGLAU 24.22 6.37 375.17 649.50 0.57 0.014

OCOLEU 17.76 6.56 182.00 350.00 0.51 0.016

SLOBER 16.83 5.03 822.63 1372.50 0.60 0.022

TABHET 19.02 6.84 948.63 1539.75 0.61 0.027
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8 Lu et al.

parameters (τ−2, θ1, θ2 ) were not significantly correlated 
with any of the three vein features (average vein density, 
number of areoles, and degree of vein connectivity) con-
sidered. In other words, if veins are more connected with 
one another, β̄ would be larger, making the importance 
of vein thickness in embolism progression stronger. This 
finding indicates that vein connectivity plays a crucial role 
in amplifying the influence of vein thickness on embolism 
propagation, highlighting a previously unexplored relation-
ship between leaf venation features and the spatio-temporal 
dynamics of embolism.

We also found that  is relatively large for certain species 
(Fig. 6a), such as Tabebuia heterophylla, indicating vein thick-
ness is a critical factor for embolism propagation in this spe-
cies, rather than spatial proximity. In contrast,  is relatively 
small (close to 0) for other species such as Drypetes glauca 
and Casearia arborea, implying vein thickness has little im-
pact on embolism propagation. In future work, analysis of 
microscopic anatomical structure with scanning electron 
microscopy (SEM)/transmission electron microscopy (TEM) 

could provide additional insights about embolism propaga-
tion across species.

Can our spatial survival model validate findings 
from existing literature?
The average vein thickness and average standard deviation of 
vein thickness for each species are summarized (Table 3). A total 
of 42 out of 53 samples had a negative correlation between 
vein thickness and water potential at which embolism forma-
tion occurs, suggesting that a smaller vein size lowers the risk 
of embolism formation (Fig. 7). Although the weak correlations 
(|r|<0.3) for most samples implied that vein size alone cannot 
explain patterns of embolism formation, results suggest that 
integrating vein thickness information into models is important.

The posterior mean of the vein thickness regression coef-
ficient (β) for each leaf sample from the Spatial-Dependent-
Vein-Thickness model was significantly positive for most 
cases (47 samples out of a total of 53 samples), suggesting 
that thicker veins embolize earlier. Our finding is purely 

Figure 3. Relative change in credible band area with respect to the KM estimator for 3 models (the Spatial-Independent, Spatial-Dependent, and Spatial-
Dependent-Vein-Thickness models) across species. If the relative change of credible band area is smaller, it means the model is more successful in 
reducing the uncertainty of estimating the survival curve. The models incorporating spatial smoothness (Spatial-Dependent and Spatial-Dependent-Vein-
Thickness models) reduce uncertainty, suggesting that embolism propagation is influenced by spatial dependencies within the leaf venation network.

Figure 4. Relative improvement of the Spatial-Dependent-related models to the Spatial-Independent model for deviance information criterion (DIC) 
across species. Models that include spatial proximity (Spatial-Dependent and Spatial-Dependent-Vein-Thickness models) show improved model fit (DIC), 
indicating that accounting for spatial relationships enhances our understanding of how embolism dynamics propagate through the leaf network.
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9Spatio-temporal model of embolism propagation

data-driven because we did not impose any prior knowledge 
that assumes the regression coefficient is more likely to be 
positive. Nonetheless, it aligns with observations reported in 
the existing literature.

Our analysis revealed a significant between-species cor-
relation between hydraulic vulnerability (mean P50) and the 
Weibull scale parameter (θ1) (Fig. 6c), while there were no 
significant between-species correlations with other param-
eters derived from our analyses (Fig. 6a, b, d). These findings 
suggest that the basic temporal component's Weibull base 
survival function Sθ (t), which encodes information similar to 
the mean P50, is primarily concerned with embolism propa-
gation over time. On the other hand, the spatial component 
and vein thickness component utilize additional information 
to describe the spatial and vein thickness aspects of embolism 
propagation.

Discussion
Our proposed spatial survival model captures embolism 
propagation at an exceptionally fine scale (i.e. leaf vein seg-
ments). This fine-grained approach allowed us to explore the 
spatial dependence between adjacent veins in the context 
of embolism formation, allowing us to investigate into the 
complex relationship between spatial proximity, vein thick-
ness, and network connectivity. Furthermore, our model 
explicitly disentangles the role of distinct driving factors, 

namely temporal, spatial dependence, and vein thickness, on 
embolism propagation, offering the ability to gauge the in-
dividual contributions of these factors and uncover new in-
sights between these factors and leaf venation features.

Our results reveal that spatial dependency reduces the pos-
terior predictive error (DIC) and uncertainty in survival esti-
mation, implying that embolism probability increases when 
neighbouring veins embolize. Moreover, incorporating vein 
thickness information improved the prediction of future em-
bolism events when the spatial dependency was considered. 
We also found that species with high vein network connect-
ivity exhibited a more pronounced embolization pattern from 
thicker to thinner veins. Although the underlying biological 
mechanism remains unclear, we anticipate that this relation-
ship will be subject to further investigation.

Our findings align with previous analyses of embolism for-
mation that do not incorporate spatial data. Specifically, we 
found that the main, thicker veins embolized first, followed 
by higher-order veins, confirming similar results for tropical 
evergreen tree species (Brodribb et al. 2016a). Regarding the 
debate about the influence of vein thickness on embolism 
(Anfodillo and Olson 2021; Lens et al. 2022), our results sup-
port the view that vein thickness is positively associated with 
P50 (Maherali et al. 2006; Fu et al. 2012; Hacke et al. 2017). 
Additionally, our temporal component exhibited a significant 
correlation with the mean P50, signifying that it encapsulates 
meaningful temporal insights from the data.

Figure 5. Relationship between vein thickness regression coefficient from the Spatial-Dependent-Vein-Thickness model and (a) Average vein density, 
(b) Number of areoles per area, and (c) Degree of connectivity. The dashed line shows the linear regression results. Each species code represents the 
following: ALCLAT, Alchornea latifolia; CASARB, Casearia arborea; CECSCH, Cecropia schreberiana; DRYGLA, Drypetes glauca; INGLAU, Inga laurina; 
OCOLEU, Ocotea leucoxylon; SLOBER, Sloanea berteroana; TABHET, Tabebuia heterophylla.
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10 Lu et al.

Our model serves as a pioneering step in spatial-dependent 
embolism propagation modelling at a finer scale, with the po-
tential for encompassing additional factors. By evaluating the 
corresponding coefficients, one can discern the significance of 
these additional factors on embolism propagation. With the 
adoption of more sophisticated modelling techniques, we can 
attain a deeper understanding of the dynamics underpinning 
embolism formation.

Survival analysis
As embolism formation is in alignment with the assumption 
of survival analysis, we fitted three survival models in our ana-
lysis. Each of them leveraged different information (temporal, 
spatial, or vein thickness information), or assumptions on 
the spatial dependency of embolism formation. Comparative 
analysis of model performances confirmed the presence of 
spatial dependency in embolism formation, revealing how 

Figure 6. Relationship between mean P50 (MPa) from Smith-Martin et al. 2022, 2023 and mean parameters from the Spatial-Dependent-Vein-Thickness 
model: (a) Vein thickness regression coefficient. (b) Spatial dependence parameter. (c) and (d) The Weibull parameters for the Weibull base survival 
function Sθ (t), θ1 controls the scale and θ2 oversees the shape. Positive values of θ2 indicate that vein segments are more likely to embolize as time 
progresses. The more negative θ1 is, the more variability will be presented for the Weibull distribution. Each species code represents the following: 
ALCLAT, Alchornea latifolia; CASARB, Casearia arborea; CECSCH, Cecropia schreberiana; DRYGLA, Drypetes glauca; INGLAU, Inga laurina; OCOLEU, 
Ocotea leucoxylon; SLOBER, Sloanea berteroana; TABHET, Tabebuia heterophylla.

Figure 7. Pearson correlation coefficient between vein thickness and water potential of embolism events for different species. Correlations were 
estimated separately for each leaf sample. Correlation values between 0.3 and −0.3 are considered weak correlations. The more negative the 
correlation is, the stronger the pattern of embolisms propagating from thicker veins to thinner veins. Each species code represents the following: 
ALCLAT, Alchornea latifolia; CASARB, Casearia arborea; CECSCH, Cecropia schreberiana; DRYGLA, Drypetes glauca; INGLAU, Inga laurina; OCOLEU, 
Ocotea leucoxylon; SLOBER, Sloanea berteroana; TABHET, Tabebuia heterophylla.
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11Spatio-temporal model of embolism propagation

different factors contribute to the improvement in estimation 
and prediction. To the best of our knowledge, this is the first 
study that has utilized survival models to address this issue.

One limitation of our study is our analysis of vein segments 
from images rather than xylem conduits, and it is possible 
that one xylem conduit is being separated into multiple vein 
segments or that one vein segment contains multiple conduits 
(Mrad et al. 2021; Bouda et al. 2022). This approximation 
on the analysis unit might bias the spatial dependence param-
eter. However, this is the best approximation we could get at 
the current resolution of images obtained through the optical 
vulnerability technique. Our survival models can be applied 
to finer-resolution images as they become available, allowing 
for more accurate modelling of the xylem network and im-
proved estimates of spatial dependence by shifting from vein 
segments to xylem conduits.

Another limitation is the choice of priors used in our 
model, as the true underlying spatial dependency mechanism 
in embolism formation is not fully known. While ICAR priors 
outperformed IID priors on our dataset, they may oversim-
plify or overly complicate the spatial interactions involved, 
suggesting that exploring alternative priors could be a prom-
ising direction for future research.

Pre-existing embolisms increase the likelihood of 
embolism formation in neighbouring veins
We found that pre-existing embolisms increase the probability 
of embolism formation in neighbouring leaf veins. Our find-
ings suggest that embolisms are spreading from embolized 
vessels into adjacent water-filled vessels. Brodribb et al. 
(2016a) discussed this through visual cues, whereas our study 
provides model-based evidence that can be scaled to large 
datasets. This highlights the importance of spatial depend-
ency in embolism propagation, and our approach lays the 
foundation for future studies to explore how spatial depend-
ence varies across species and influences embolism dynamics.

Leaf venation network features and embolism 
propagation
Our findings support the importance of vein thickness in 
embolism progression, consistent with existing literature 
(Brodribb et al. 2016a; Skelton et al. 2021). Thicker veins 
embolized earlier in our study, reflected by the negative correl-
ation with water potential and by the positive vein thickness 
regression coefficients for most individuals. This supports ex-
isting literature (Maherali et al. 2006; Fu et al. 2012; Hacke 
et al. 2017; Isasa et al. 2023) within the context of ongoing 
debate (Anfodillo and Olson 2021; Lens et al. 2022).

When the spatial dependency of embolism formation was 
considered, incorporating vein thickness information im-
proved the prediction of future embolism events. Moreover, 
the vein thickness regression coefficient quantified its influ-
ence on embolism progression compared to spatial proximity. 
We observed that the impact of vein thickness varies across 
species, suggesting future work could investigate the micro-
scopic anatomical structure using SEM/TEM to gain add-
itional insights.

We found that the vein thickness regression coefficient was 
positively correlated with vein network connectivity, implying 
that the pattern of embolizing from thicker to thinner veins 
is stronger in highly connected networks. This finding could 
help predict species’ vulnerability to embolism based on leaf 

network connectivity, which can be readily obtained from 
field data or museum specimens. By leveraging automated 
tools for extracting venation metrics (e.g. vein looping, cen-
trality), our approach can be extended to investigate their in-
fluence on embolism propagation in large datasets.

Our approach introduces a novel method for studying em-
bolism propagation by isolating key driving factors and mod-
elling the influence of vein thickness. This allows us to explore 
the interactions between vein thickness, spatial proximity, 
and leaf venation features—an aspect largely overlooked in 
previous literature (Brodribb et al. 2016a; Hacke et al. 2017; 
Johnson et al. 2018; Isasa et al. 2023).
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