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Multivariate mixture model to distinguish actual dives from regular apneas. 

Dive thresholds have been typically defined a priori depending upon dive depth or duration. 

However, a preliminary exploration of the data demonstrated that this traditional definition was 

poorly suited to the tagged porpoises with extremely short and shallow dives, and foraging at all 

depths. We used a gaussian multivariate mixture model (Mclust in the R package mclust (version 

5.4.10 (58)) on the log-transforms of inter-breath interval (IBI) duration, depth and average 

activity (i.e., meanMSA) to distinguish actual dives from apneas. We tested multiple scenarios 

for the number of clustering groups, where the most parsimonious model (highest log-likelihood) 

classified IBIs into 3 groups (Fig. S1). The group with IBIs of the longest duration, the deepest 

depth and highest activity, encompassing 14290 IBIs, was classified as actual dives, while the 

remaining two groups, likely comprising regular apneas (n = 47232) and logging periods (n = 

6915) were classified as apneas.  

Exploration of the apneas, both regular apneas and logging periods, demonstrated that the 

median duration and maximum depth of the apneas were 9 s and <1 m, with 95% of them being 

less than 20 s and shallower than 2 m (Fig. S2). Apneas had low circular variation of the roll 

(median = 0.01, Inter-Quartile Range = 0.02) compared to the actual dives (median = 0.12, Inter-

Quartile Range = 0.22) (Fig. S2), and less than 3% of them contained buzzes. 



Fig. S1. Scatter plots of the natural log-transformed inter-breath intervals (IBI) duration, 

maximum depth and average activity (meanMSA) for the 20 free-ranging harbor porpoises. The 

color and shape depict the results of the best multivariate mixture model. Centroids of each group are 

[3.90 1.79 0.77] (orange), [2.11 -0.10 0.66] (green) and [1.66 -1.74 -0.04] (blue).  The group with IBIs of 

the longest duration, the deepest depth and highest activity (orange) was classified as actual dives, while 

the remaining two groups (green and blue) were classified as regular apneas and logging periods, 

respectively.  



Fig. S2. Proportion of IBI as a function of IBI category (apneas vs. actual dives). A) IBI duration, B) 

maximum depth, and C) circular variance of the roll of free-ranging harbor porpoises as a function of IBI 

category: apneas (n = 54147) and actual dives (n = 14290). 



Fig. S3. State-dependent distributions estimated from the best Hidden Markov Models (HMM) for 

categorizing dive types of harbor porpoises from Danish waters. 



Fig. S4. Causal diagram or Directed acyclic graph (DAG). Causal relationship of the variables used in 

the study (built through dagitty.net using Textor et al. (69). In a DAG, variables are depicted as nodes and 

connected by arrows referring to the direction of the causal relationship. DAGs contain both causal and 

non-causal pathways: a causal pathway has an arrow pointing away from the main explanatory variable 

going towards the outcome; a non-causal pathways connect the main explanatory variable and outcome 

via a pathway with at least one arrow directed against the flow of time. For more details see Hernán and 

Robins (66). 



Fig. S5. Respiration rate as a function of average activity of the lower 95th percentile of MSA 

(meanMSA) of the 20 tagged harbor porpoises from the Kattegat and Belt Seas summarized A) 

post-dive and B) in 20-minute intervals. Dots are color-coded by behavioral state. Note that we chose to 

use 20-minute bins as they correspond to 10 times the 95th percentile of the dive cycle duration of the 

tagged porpoises. 



Fig. S6. Metabolic scope in harbor porpoises as a function of behavioral state. Relationship between 

respiration rate and buzz rate over 20-minute intervals. A) Observations are color-coded by ID and the 

shape relates to behavioral state. B) Dots are color-coded by behavioral state. Note that we chose to use 20-

minute bins as they correspond to 10 times the 95th percentile of the dive cycle duration of the tagged 

porpoises. 



Fig. S7. Boxplots of respiration rates (min-1) in A) individual dive cycles and B) 20-minute intervals 

as a function of behavioral state for the 20 free-ranging harbor porpoises. Each colored box 

represents one of the 20 tagged porpoises. Box limits are first and third quartile and whiskers are 

minimum and maximum values excluding outliers (smallest observation greater than or equal to lower 

hinge - 1.5 x inter-quartile range or largest observation less than or equal to upper hinge + 1.5 x inter-

quartile range). Red dashed line represents the median by behavioral state. Note we chose to use 20-

minute intervals as they correspond to 10 times the 95th percentile of the dive cycle duration of the tagged 

porpoises.  



Fig. S8. Per-dive buzz count as a function of time since tag deployment for the tagged 20 harbor 

porpoises. The dashed green line is a Generalized additive model (GAM) with penalized cubic regression 

splines (i.e., default method in the geom_smooth function of the ggplot2 package in R), and orange line 

shows the cumulative sum of number of buzzes over the deployment time expressed as percent proportion 

of the total number of buzzes. The shaded area represents nighttime. 



Fig. S9. Overview of diving, feeding and breathing behavior of the 20 tagged harbor 

porpoises. Each graph represents one porpoise. (A) Dive profile of the harbor porpoise with prey-

capture attempts (defined by echolocation buzzes) marked in red. (B) One-minute (dark red) and 

20-minute (light red) buzz counts. C) Respiration rates averaged over 20-minute periods (orange)

and 95th percentile of minimum specific acceleration (MSA, a proxy for activity) averaged over 5-

second (green) and 20-minute periods (yellow). D) Energy balance calculated as the cumulative

difference between the energy gained from prey captures and the metabolic energy expended

(estimated via respirations). Starting from a null energy balance, 0 MJ, positive energy balance is

depicted in green and negative in orange. The average energy turnover per respiration is calculated

following Rojano-Doñate et al., (13), and the average energy per prey capture is calculated using

the estimated field metabolic rate of the individual (calculated following Rojano-Doñate et al.,

(13)) divided by the total number of prey-capture attempts assuming a 90% assimilation efficiency.

We assumed the calorific value of prey (i.e., fish) to be 4.2 kJ g-1 (18). The shaded area represents

nighttime. Dashed lines in B and C represent incomplete 20-minute periods.
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Fig. S10. Illustration of the aspect of the auditing tool in MATLAB, showing a respiration and a 

buzz (i.e., bio-sonar based prey-capture attempt). In the top panel, relative sound amplitude, 

spectrogram in the middle panel, and depth profile in the bottom panel. 

(A) Respiration

(B) Buzz



Table S1. Dive parameters of the 20 tagged harbor porpoises tagged in the Kattegat and Belt Seas. Total buzz count refers to the total buzz number of the 

complete deployment. Buzz rate (day-1) is only calculated for deployments longer than 20 hours. The digits in the individuals’ ID indicate the year and Julian day of 

tag deployment. Animals are sorted according to increasing standard body length. Note that total buzz counts differ slightly from Wisniewska et al., (10, 52) because 

buzzes were reanalyzed to have a uniform buzz detection methodology across years. *accompanied by another porpoise, most likely its own calf. †potentially 

pregnant. ‡excluding first hour of deployment. 

ID 
Length (cm) - 

Sex (age) 

Deployment 

duration 

(nighttime) (h)‡

Proportion of time 

Max. dive 

depth (m) 

Max. dive 

duration 

(min) 

Total 

buzz 

count 

Daytime 

buzz rate 

(h-1) 

Nighttime 

buzz rate 

(h-1) 

Buzz rate 

(day-1) Diving 
Non-

feeding 

Pelagic 

feeding 

Bottom 

feeding 

hp18_134a 111 ♀ (juvenile) 43.2 (15.8) 0.75 0.50 0.44 0.06 80 4.4 4242 59 167 2364 

hp16_316a 113 ♂ (juvenile) 38.5 (29.5) 0.41 0.02 0.60 0.39 20 1.7 4300 65 126 2687 

hp13_102a 114 ♂ (juvenile) 22.7 (10.3) 0.65 0.53 0.33 0.14 18 2.8 3046 11 283 3236 

hp19_262a 115 ♂ (juvenile) 26.0 (14.2) 0.47 0.29 0.47 0.25 41 2.2 2037 77 80 1886 

hp18_254a 116 ♂ (juvenile) 7.7 (0.8) 0.77 0.22 0.68 0.10 16 2.3 1450 16 209 - 

hp18_120a 120 ♂ (juvenile) 30.3 (20.5) 0.61 0.38 0.34 0.27 34 4.5 3054 53 202 2427 

hp15_267a 121 ♂ (juvenile) 21.4 (12.1) 0.83 0.34 0.48 0.18 48 3.3 1238 14 91 1389 

hp12_272a 122 ♀ (juvenile) 20.9 (12.5) 0.8 0.72 0.27 0.01 23 2.1 1689 21 122 1948 

hp18_151a 122 ♂ (juvenile) 9.0 (0) 0.68 0.37 0.27 0.36 29 2.0 530 59 - - 

hp13_170a 123 ♂ (juvenile) 14.3 (4.0) 0.77 0.31 0.16 0.54 14 3.6 1256 53 180 - 

hp19_221a 124 ♂ (juvenile) 12.1 (4.4) 0.76 0.04 0.51 0.44 9 2.4 2297 166 235 - 

hp14_226b 126 ♂ (juvenile) 20.7 (9.1) 0.72 0.32 0.61 0.06 27 2.5 3262 131 192 3784 

hp15_096a 128 ♂ (juvenile) 9.8 (9.8) 0.72 0.35 0.50 0.15 38 2.4 804 - 82 - 

hp13_145a 135 ♀ (juvenile) 5.8 (0) 0.56 0.49 0.38 0.13 18 2.1 208 36 - - 

hp17_135a 137 ♂ (adult) 12.5 (7.3) 0.48 0.55 0.35 0.10 27 1.7 598 17 70 - 

hp18_095a 143 ♂ (adult) 21 (10.8) 0.56 0.43 0.24 0.32 20 3.3 3083 44 243 3542 

hp15_160a† 145 ♀ (adult) 22.2 (6.3) 0.54 0.35 0.03 0.62 15 2.0 458 16 31 497 

hp12_293a* 163 ♀ (adult) 16.7 (11.1) 0.66 0.37 0.40 0.23 50 2.7 1131 19 93 - 

hp16_264a* 163 ♀ (adult) 10.9 (4.6) 0.67 0.62 0.19 0.19 19 2.2 403 5 81 - 

hp15_117a† 170 ♀ (adult) 12 (9.3) 0.54 0.27 0.40 0.33 27 3.6 730 50 64 - 

MEAN 131 18.9 0.65 0.37 0.38 0.24 29 2.7 1791 48 142 2376 



Before\After Non-feeding Pelagic feeding Bottom feeding 

Non-feeding 0.89 0.07 0.04 

Pelagic feeding 0.07 0.90 0.03 

Bottom feeding 0.09 0.07 0.84 

Table S2. Transition probabilities between behavioral states of the most parsimonious Hidden Markov 

Model (HMM) for categorizing dive types of harbor porpoises in the Kattegat and Belt seas. 
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