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Climate variability and resilience remain gaps in tree research, challenged by the interacting factors in climate change, long-term resilience and the influence of evolutionary legacy effects. In a multidisciplinary approach using 90-year (1930–2020) climate-growth data, we investigated the dynamics of climate variability on growth and resilience of the tropical African baobab (Adansonia digitata) at the range edge in climate-variable, southeast Africa. The main driver of climate variability, ENSO (El Niño-Southern Oscillation), triggered 83% of droughts exacerbated by positive Indian Ocean Dipole (pIOD) events. Growth over 90 years was positively correlated with maximum temperature and increased after the 1976–1977 Global Warming Shift. The influence of warming was compromised by climate variability and extreme events. Although growth is a measure of adaptive capacity, accelerated growth over the past 20 years contrasted with dehydration, canopy dieback and a novel Didymella pathogen. Resilience was contingent on high genetic diversity (polyploidy and heterozygosity) and Neotropical legacy effects of stem water storage and longevity trade-offs of low growth, recruitment and reproduction. The evolution of resprouting in disturbed, fire-prone ecosystems and bark regeneration increased recovery from disturbance. As resource opportunists, baobabs adopted a fast-slow survival strategy. Rainfall and warming enhanced growth while low and variable rainfall favoured a conservative, low growth-higher survival strategy. Low rainfall, climate extremes and topography increased mortality risk. Mortality was higher at lower elevations on site and regionally. Low growth may conserve the baobab in climate warming but the southern hemisphere tropics is one of two identified global hotspots with amplified hot years. The heightened disturbance predicted from increased climate variability, hot droughts and landfalling tropical cyclones magnifies mortality risk for “Africa’s favourite tree.”
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Introduction

Multiple interacting factors affect tree response to climate, including evolutionary and environmental influences on adaptation and survival from species-specific traits, trade-offs, ecosystem processes, and climate dynamics (Brodribb et al., 2020). The “highly uncertain” consequences of climate are a major obstacle to progress (Hartmann et al., 2018), constrained by the limited attention to climate drivers, long-term precipitation patterns (O’Brien et al., 2014), and dependence on means instead of climate variability and extremes (Seddon et al., 2016). Climate change and rising temperatures, elevated CO2, water stress and disturbance from drought, pathogen outbreaks and topographic variations escalate vulnerability (Allen et al., 2015; Brodribb et al., 2020). Although climate variability was identified as a major contributor to tree decline and mortality over forty years ago (White, 1986), the impact of climate fluctuations and resilience remain overlooked, especially in long-lived, tropical species with long generation times where recovery time may be significant (Schwalm et al., 2017; Willis et al., 2018). Conserving resilience has thus become a “key priority” in tropical species and in forested ecosystems (Willis et al., 2018).

Recording climate drivers and disturbance like drought and mortality, or recovery, requires long-term datasets. According to the World Meteorological Organization [WMO] (2017), the statistical minimum for a viable climate dataset is 30 years, but may not capture variability and extremes in driver and response (Smith, 2011). Modelling is unrealistic (Allen et al., 2015; IPCC, 2021) or oversimplified, to capture the complexity of drought-induced mortality (Hartmann et al., 2018), climate extremes (Reichstein et al., 2013), and the timing of progressive dieback (White, 1986). Understanding response and resilience in trees and ecosystems to drivers of climate variability, notably the ocean-atmosphere coupled El NinϷo-Southern Oscillation (ENSO) which dominates pan-tropical climate interactions and variability (Cai et al., 2019) remains an obstacle to progress.

Although experimental findings have established greater mortality from hydraulic failure in drought (Adams et al., 2017), response to climate is complex. Research is impeded by the reproducibility of natural climate variability, acclimation from past conditions, and the use of average conditions (Gutschick and BassiriRad, 2010). Adaptation may be significant in tropical species with long generation times and several driving and response variables adding to the complexity (Heisler and Weltzin, 2006; Box 1). These include the influence of slope, soils and runoff (Piearce et al., 1994; McDowell et al., 2008; Brodribb et al., 2020), genotypic and phenotypic variations in drought tolerance (Heisler and Weltzin, 2006), increased disturbance from pathogen outbreaks (McDowell et al., 2020), historic variability and timing of disturbance (Heisler and Weltzin, 2006) and the “critical” but overlooked recovery time (Schwalm et al., 2017; Brodribb et al., 2020). Reliance on single drought events cannot address the long-term effects of climate stress and response that may be significant to recovery and resilience (Matusick et al., 2018). The evolutionary context remains a major gap in research, including the nature and consequences of legacy effects from biogeography, species-specific traits and adaptation to previous climate warming episodes (Cavender-Bares et al., 2016).


BOX 1  Glossary.

Climate Mean: Mean monthly value of climate data comprising a minimum of 3 consecutive decades (World Meteorological Organization [WMO], 2017).

Climate Variability: Climate variability is a dynamic component of climate that includes the temporal and spatial climate anomalies inherent in all ecosystems which extend beyond mean conditions (ibid). Temporal variability includes intra-seasonal, seasonal, interannual, decadal, random, or discontinuous variability (Nicholson, 2011).

Dieback: Dieback is a drought-adaptation strategy prevalent in semi-arid areas where hydraulically vulnerable but expendable leaves, twigs and branches are “sacrificed” to mitigate water loss in the more vulnerable stem; described as a cost-effective strategy in coping with water stress (Tyree et al., 1993).

Disturbance: Disturbance is a discrete event or regime that disrupts the population and ecosystem by altering the resources and physical environment. It includes climate variability, drought, heatwaves, frost, flooding, fire, landscape, and biotic disturbance (deforestation, herbivory, pests and pathogens, harvesting).

Drought: Unlike aridity, drought is a distinct episodic event with anomalous low rainfall, influenced by the nature and timing of events. It can be meteorological (rainfall deficiency) or hydrological (reduced infiltration) or both. The result is low soil moisture amplified by topography and runoff (Trenberth et al., 2014).

Evolutionary legacy effects: The biogeographic influence in the evolution and adaptation of response and resilience.

Resilience: Ability to resist, adapt to, or recover after, disturbance.

Variables: Driving variables: past and present climate, rainfall variability, seasonality, dry intervals, time lags, migration, disturbance, hydrology, topography, ecosystem diversity, soil type, and rooting depth. Response Variables: physiology, growth, recovery rates, genotypic and phenotypic variation, and buffering mechanisms.



The African baobab (Adansonia digitata), described as “Africa’s favourite tree” (New Scientist, 1991), is widely assumed to be a “xeric succulent” which survives through use of a “seasonal reservoir” of stored water during the dry season, instead of a woody forest tree and migrant to semi-arid regions (Wickens and Lowe, 2008). Response to climate variations and disturbance can be traced to the biogeographic origins in the seasonally dry Neotropics where 90% of the Bombacoideae, a subfamily within the family Malvaceae, remain (Carvalho-Sobrinho et al., 2016). Water storage is a common trait in the Neotropics because of the adaptive benefit during the 5-month-long dry season (Lopez and Kursar, 2003). Evolutionary legacy effects include traits of parenchymatous wood (Zizka et al., 2020), a narrow hydraulic safety margin (HSM) which potentially increases drought vulnerability (Choat et al., 2012; Supplementary Table 1), and cortical photosynthesis. The traits are shared with the Neotropical genus, Cavanillesia (Wolfe et al., 2016; Wolfe, 2017) within the same clade as the Adansonia (Carvalho-Sobrinho et al., 2016).

Although baobabs have far higher water content values (500–800%) than other trees (30–300%) (Tsoumis, 1991), findings show pronounced economy in stem water use ranging from 2 to ∼6% in A. digitata (Fenner, 1980; Van den Bilcke et al., 2013). Drought-deciduousness also limits water loss (Chapotin et al., 2006a; Van den Bilcke et al., 2013). As the low density, parenchymatous (69–88%) wood operates near turgor-loss point, moderate change to the stem water content may affect biomechanical stability because of the low elastic modulus of wood (Chapotin et al., 2006b). The primary function of water storage is to provide the necessary turgidity for mechanical integrity and survival (ibid). Stored water includes a dimorphic root system which contains 68% of the ∼80% total plant water in the taproots of juveniles (Van den Bilcke et al., 2013). Mature baobabs have a widespread, shallow root system estimated at 40–100 m around the stem (Wickens and Lowe, 2008) which can rapidly absorb water from surface soils and exploit rainfall pulses and run-off from heavy rainfall (Fenner, 1980). Green, photosynthetic tissue or cortical photosynthesis in the outermost layer of baobab bark (Baum, 1995; Kotina et al., 2017; Figure 1) avoids carbon starvation during stomatal closure in dormancy or drought by enabling recycled carbon and atmospheric CO2 through bark lenticels (Van den Bilcke et al., 2013, Kotina et al., 2017) without water loss (Simbo et al., 2013). The double syndrome may increase carbohydrates during drought and high temperatures or when trees are leafless and leaf photosynthesis does not support hydraulic function (Cernusak and Cheeseman, 2015; Vandegehuchte et al., 2015).
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FIGURE 1
Site location in the Limpopo River Valley and Africa.


The study site in semi-arid, southern Africa lies at the southern edge of A. digitata’s range following migration from West Africa (Leong Pock Tsy et al., 2009). Despite polyploidy being an advantage in stressful environments (Van de Peer et al., 2021) and unique in the genus (Baum and Oginuma, 1994), nearly a century of findings in southern Africa provide evidence of drought-induced mortality (De Villiers, 1951; Guy, 1970, Piearce et al., 1994; Caplan, 1995). A “sooty mould syndrome,” redescribed as “black mould” (Cruywagen et al., 2015), has been linked since the 1940s with prolonged drought stress and mortality (Piearce et al., 1994). A. digitata has also been reported as “very sensitive” to climate variations and disturbance (Guy, 1970, Piearce et al., 1994). Yet, longevity of regional baobabs has been radiocarbon dated to ∼2000 years (Patrut et al., 2013). As climate variability is an inherent dynamic of regional climate and paleoclimate (Thomas and Burrough, 2012) it raises the paradox: Why is the disturbance-vulnerable baobab long-lived in climate-variable conditions? Extending a 1930–1993 climate-growth study by the Department of Forestry in South Africa to 2020 (90 years), we evaluate recruitment, resource acquisition and growth, and hypothesise that longevity in A. digitata, like other tropical species (Perez et al., 2016); (1) Is compromised by climate variability, extreme events and climate change as warming affects the moisture-holding capacity of the atmosphere and increases surface drying (Trenberth et al., 2003); (2) Depends for resilience primarily on higher genetic diversity and evolutionary legacy effects in the climate-variable, edge of the range in southern Africa.



Materials and methods


Study region, experimental site, and climate

Baobabs “probably nowhere so numerous in Africa” (Hutchinson, 1946), including some of the oldest and largest trees, are scattered at varying densities in woodland, savanna and floodplains for ∼265 km along the Limpopo River Valley (LRV) in southeast Africa (Figure 1). The LRV belongs to the Zambezian region of tropical Africa in plant diversity (Linder, 2014) and is relatively species-rich (Willis et al., 2018). In 1930, the Department of Forestry in South Africa set aside a 6-hectare site at the centre of the distribution (-22.49663, 29.9823) on a hot, northwest-facing hillslope within a protected forest reserve with 17 mixed-age baobabs “to study the age and growth rate of baobabs in their natural state” (De Villiers, 1951). Initially called the “Messina Plot,” the site was re-proclaimed in 1984 as Skelmwater Nature Reserve (SNR) and is widely documented in the literature (for example, De Villiers, 1951; Swart, 1963; Guy, 1970, 1982; Fenner, 1980; Wickens, 1982; Piearce et al., 1994; Wickens and Lowe, 2008). The Department of Forestry ended the project in 1993. When we restarted the monitoring in 2003, our aim to continue the growth measurements, evolved into a multifaceted project. Although small, the project is unique as the only long-term study of baobabs and has been recommended as an “international site of special scientific interest” for baobab growth (Wickens and Lowe, 2008).

The dominant drivers of climate variability are ENSO (El Niño-Southern Oscillation), which cycles irregularly and asymmetrically between dry El Niño and generally wet La Niña, and the Indian Ocean Dipole (IOD) (Manatsa et al., 2008; Abram et al., 2020; Wang et al., 2020). Reconstruction of sea surface temperatures (SSTs) in the southwest Indian Ocean (SWIO) indicates the significant correlation between El Niño and pIOD episodes on annual to decadal timescales of 0.64–0.77 at a 95% confidence level (Sundqvist et al., 2013). Although commonly viewed as an equatorial east-west Indian Ocean dipole, the pIOD results in a dry-wet dipole between the tropical LRV and equatorial East Africa (Nicholson, 2011). El Niño and the pIOD occur during the mature and peak stage of an event; the former from the mid-to-late rainy season and the latter at the start of rains and leaf flush. La Niña is less predictable and can be a multi-year and re-emergent event.

The climate is influenced by high temporal variability, including intra-seasonal dry/wet spells (Usman and Reason, 2004), interannual variability (Reason et al., 2005) and pronounced interdecadal variability from an 18 to 20 year rainfall oscillation (Tyson and Preston-Whyte, 2012). Drought is endemic to the region (ibid.). Mean annual rainfall (MAP) in the central LRV was 359 mm between 1929 and 2020 (91 years) with pronounced seasonality: 94% falls during the 7-month rainy season in summer between October to April. Long-term mean evaporation is 2683 mm, mean daily sunlight is 8.5 h, and temperatures may exceed 40°C (Jordaan et al., 2004). As evaporation is over seven times higher than MAP, drought risk is increased (Trenberth et al., 2003). Rainfall originates from coastal Angola, the tropical southeast Atlantic and the tropical SWIO associated with the synoptic Inter-Tropical Convergence Zone (Reason and Smart, 2015; see Figure 1). Tropical systems in the SWIO include landfalling tropical cyclones (Rapolaki et al., 2019).



Methodology

In tropical species with thick bark like baobabs, stem water storage correlates with girth (Borchert, 1994). Water storage parenchyma in A. digitata are arranged in tangential bands alternating with xylem (Rajput, 2004) which allow significant contraction from water withdrawal (Chapotin et al., 2006a) and non-invasive interpretation of water use or retention in drought (De Swaef et al., 2015).


Tree dataset

Tree positions were determined using a GPS unit (Garmin) and checked against a 1967 site sketch in the Department of Forestry archive, before transferral to ArcGIS 10. According to the original methodology, “A line was painted around the stem 4 feet 6 inches (1.37 m) from the ground so that the top of the tape coincided with the bottom line of the painted strip” (De Villiers, 1951). This regularly repainted ring acted as a permanent and consistent guide of stem shrinkage and swelling; a recognised proxy for water stress linked to water storage dynamics (De Schepper et al., 2012). Girth was measured irregularly by the Department of Forestry at the start of the dry season between 1930 and 1993, and annually by ourselves from 2003 with similar timing (Supplementary Table 1). To counter the irregularity of measurements, a moving average smooths the time series data to identify trends.

The 17 baobabs at SNR were divided into 3 cohorts according to size: Cohort 1 includes juveniles and newly mature Tree 9 (< 2 m girth) or 24% of the population; Cohort 2 includes mature (post “cone-stage”) baobabs (2–5 m) with developing secondary growth (17% of the population). Cohort 3 includes mid-size baobabs, the largest class (5–9 m) at SNR, comprising 59% of the population is similar to 62% (n = 1998) for this cohort in the Kruger National Park (KNP) (Whyte et al., 1996). All trees in Cohort 3 have been historically damaged by elephants. A growth index (GI) was calculated by dividing the DBH by the interpolated measurements between 1933 and 2020 when both rainfall + temperature data were available (Supplementary Table 2).



Reconstruction of life-history

Samples collected from dead Tree 15 (midway in Cohort 3) in 1966–1967 (Guy, 1970) resulted in an age of 400 ± 120 years (Sheppard and Swart, 1971). Because of the variability in atmospheric 14C/12C ratios over time, Tree 15 required age recalibration. Cores were extracted from the other two cohorts; Tree 13 (Cohort 1) and Tree 11 (Cohort 2), using a Haglöf CO 600 increment borer 60 cm long with an inner diameter of 0.43 cm. Dating was performed using accelerator mass spectrometry (AMS) at the NOSAMS facility, Woods Hole Oceanographic Institute (WHOI), USA in 2009 (Tree 11) and 2011 (Tree 13).



Climate dataset

The dataset includes daily rainfall for 91 years and daily minimum (Tmin) and maximum temperature (Tmax), available from 1933, providing a combined dataset of 87 years. This includes approximately 33,200 data points for rainfall and 63,500 for temperature from the two closest weather stations: Messina-Mauville (26 km) (S22.2700, E29.9000) between 1929 and 2009 (closure) and Venetia (68 km) (S22.4510, E29.3310) (2010–2020) [South African Weather Service (SAWS)].1 Historic 18th and 19th climate were obtained from gauge records, and like paleoclimate, from contributary research.



Extreme events

SAWS define drought conditions as < 75% of MAP, based on 30-year data, equivalent to < 268 mm in the study area. Drought episodes were determined from daily rainfall data (1929–2020) using the parameters of MAP, duration and rainfall deficit. Drought/Dry spells include severe drought years interspersed with low rainfall years. Sub-zero spells (T-z) were determined using daily Tmin data. Heatwave data were extracted from daily Tmax data (1933–2020) using the SAWS definition of a heatwave: exceeding the mean temperature of the hottest month (33°) by 5° or 39°C+ for at least 3 consecutive days.



Climate variability and growth

Climate variability was determined by climate drivers, ENSO (El Niño and La Niña), the pIOD, and measures of variance. Coefficient of variation values were calculated by an index of climatic risk [CV = (SD/[image: image])*100] and determined by annual, decadal and seasonal rainfall variability. CV values for temperature were converted to a Kelvin scale. Daily rainfall data (1929–2020) were evaluated according to four variables to determine variability and impact on growth: (1) MAP; (2) Seasonal rainfall; determined by the six wettest months between November and April (NDJFMA) with 88% of MAP; (3) Early season rainfall (ESR) between November to January (NDJ); (4) Late season rainfall (LSR) between February to April. A growth index for each tree was computed by dividing the DBH by the interpolated measurements between 1933 and 2020 (Supplementary Table 2). To counter the irregularity of tree measurements and rainfall variability, a moving average based on a 20-year rainfall oscillation was used to smooth the time series and identify trends. As the temperature range of ∼2°C over 87 years is negligible, the indexed values for every tree were linearly interpolated between dates of tree measurements to create a continuous graph for all trees using a series of gradients based on normalised values of MAT.



Site and disturbance

As growth on the hillslope site may be influenced by elevation, slope, soils, hydrogeology, geomorphology and disturbance, the methodology included the following:

(1) Collection of soil cores to bedrock around all baobabs with a soil augur to analyse soil depth, soil type, and soil fertility (texture, organic matter, and macronutrients. (2) Hydrogeological investigation to identify fractures that may allow ponding; (3) Determination of hillslope profile and cross-sections. (4) Calculation of slope values for each tree using ArcGIS 10 with a Spatial Analyst extension on a slope grid; (5) Identification of tree locations and hydrogeomorphic disturbance from sheet erosion (scour zone), rills, gullies and deposition of quartz rock which covers much of the site; (6) Interaction/s between rainfall, slope, elevation, and growth; (7) Correction of diagrammatic gully alignments shown in archival 1967 sketch (Department of Forestry) using Garmin tracking data, and illustrated in ArcGIS 10 using National Geo-spatial Information (NGI), 50 cm colour imagery (Colour Digital Aerial Imagery at 0.5 m GSD (2008–2016) and 0.25 GSD (2017- current).



Pests and pathogens

Stem samples of lesions and potential fungal infections were collected across southern Africa in 2007 following a hot drought and from seven healthy and symptomatic trees with dieback at SNR in 2016 to determine the presence of pathogens in symptomatic samples and absence in healthy samples. Isolations from asymptomatic material and lesions were made onto 2% malt extract as described by Cruywagen et al. (2017). Cultures were purified by transferring hyphal tips of mycelia to clean 2% MEA when fungal growth was observed.

Fungi were identified based on morphology, DNA sequencing and phylogenetic analyses. DNA extraction was performed using Prepman Ultra (Applied Biosystems, Foster City, CA, USA) according to the method described by Linnakoski et al. (2008). Identification of fungi at species level was done by PCR amplification and sequencing of the ITS rDNA and the translation elongation factor-1α (tef-1α) gene region as described by Cruywagen et al. (2017). Consensus sequences of opposite strands were obtained using CLC Main workbench 7.2 BLAST searches were conducted with these sequences on NCBI3 to find closely related sequences. The best-fit substitution models were determined for each dataset with jModeltest v.2.1.3 using the Akaike Information Criterion (AIC) (Guindon and Gascuel, 2003; Darriba et al., 2012). Phylogenetic analyses were conducted using PhyML v.3.0 (Guindon and Gascuel, 2003) with the appropriate model selected by jModeltest to construct Maximum Likelihood trees to identify isolates.



Genetic diversity

As fitness and response to environmental conditions differ based on genotypic diversity (Engelhardt et al., 2014), we evaluated genotypic diversity from microsatellite fragment analysis; a widely used proxy for fitness (Shikano and Taniguchi, 2002; Da Silva et al., 2009).

The DNeasy Plant Mini Kit (Qiagen, USA) was used to extract DNA from silica-dried leaf tissue from all trees following the manufacturer’s instructions with the following modifications: (1) Increased lysis buffer from 400 μL to 650 μL, and added 10 μL of Proteinase K (25 mg/ml); (2) Tissue and lysis buffer was incubated at 65°C for 20 min instead of 10 min at 65°C; (3) All steps in the centrifugation process were performed at 4°C instead of room temperature. (4) The final elution was made with a heated buffer (85°C) and incubated at room temperature for 10 min before centrifugation.

Eight Adansonia digitata microsatellite loci were selected according to Larsen et al. (2009), based on successful polymerase chain reaction (PCR) amplification (Supplementary Table 3) with five loci missing from the complete data matrix (one locus from three individuals, two loci from a fourth individual). Forward primers were synthesised and labelled with fluorescent dyes using Dye Set D (6FAM, HEX, TAMRA) by Eurofins (USA). PCR reactions totalled 25 μL in volume which included 0.5–1 μL of DNA template, 0.5 μL of each 10 μM forward and reverse primers, 2 μL of MgCl2, 5 μL of GoTaq Flexi buffer and 0.2 μL of Flexi taq polymerase (Promega, Madison, WI USA), and 15.3 μL of MilliQ water. PCR thermocycler parameters followed Cron et al. (2016). Successful amplification was determined by confirming the expected size range for each locus on 1% agarose gel electrophoresis. A total of 10 μL of formamide and 0.3 μL of GENEFLOROX labelled 625 DNA ladder was added to 2 μL of PCR product. Fragment analysis was performed on an ABI 3170 at the University of Wisconsin-Madison Biotechnology Center, USA. Chromatographs of microsatellite alleles were scored manually in Geneious 5.0 with the Microsat Plug-in.

GenoDive 2.0 (Meirmans and Van Tienderen, 2004) was used to calculate genetic diversity indices for individuals, cohorts, and the total population. As Adansonia digitata is a polyploid species (Baum and Oginuma, 1994), the expected heterozygosity was corrected using a maximum likelihood method to correct for the unknown dosage of the alleles given the overall population allele frequencies. Hardy–Weinberg equilibrium was calculated using the heterozygosity-based method (Nei G) and total heterozygosity measures were corrected for the limited sample size. To infer if past climate-triggered mortality could have been a selective pressure by reducing overall population diversity, we measured d2 as described in Coulson et al. (1998); a proxy to study the impacts of inbreeding within a population, with higher measures of d2 inferred due to greater genetic distance of parental genomes.





Results


Climate drivers and disturbance

Supplementary Table 4 lists the climate drivers and the pattern and properties of climate disturbance; timing, duration, deficits, and extreme events. ENSO (El Niño-Southern Oscillation) and the positive Indian Ocean Dipole (pIOD) triggered 83% of the 12 droughts which resulted in stem contraction. The rain-bearing La Niña-dominated climate from 1999 triggered 38% of ENSO events over the last 23 years, including an anomalous drought in 2011–2012 (Supplementary Table 4). Episodic climate extremes comprised 50% of droughts. All three protracted droughts (6–7 years) included at least two El Niños and one pIOD. The driest and longest 7-year drought (1961–1968) resulted in MAP of 260 mm with an annual mean deficit of 39%. Deficits of 44% resulted from the most intense drought (1981–1984) and between 36–50% for single-year droughts. The highest deficits were in 1959–1960 (50%), 2011–2012 (48%), and 1997–1998 (47%). Seasonal rainfall was delayed in 76% of droughts or dry spells.



Drought

Drought followed two distinct climatic phases: Droughts combined with sub-zero spells up to 1972–1973 and droughts combined with warming and heatwaves between 1981 and 2020 with consecutive temperatures of 39°C or higher. Sub-zero temperatures (T-z) were rare in the LRV (0.008% of the 87-year record). The majority of freezing spells (86%) occurred before 1968 with none after 1985. The coldest recorded was during June 1964 with the lowest monthly mean of 3.9°C. The driest decade occurred between 1958 and 1968 with MAP of 244 mm. The hottest decade was between 1999 and 2009 and the highest recorded temperatures and heatwaves occurred during the 2004–2007 growth seasons in the hottest drought between 2001 and 2007. The driest 7-year drought (1961–1968) recorded the lowest number of heatwaves; 1.7 per annum with a mean of 3.2 days. The hottest droughts included the highest number of heatwave days per annum; 32 between 1972–1973 and 25 between 2001–2007. The average recovery time after drought was 4.5 years.



Rainfall and temperature variability

Figure 2 shows rainfall variability and dispersion around the mean (359 mm) for 91 years (1929–2020) and across two seasonal variables: early season (NDJ) and late-season rainfall (FMA) as well as MAP. A locally weighted smoothing (LOESS) curve illustrates the trendlines. These reflect a relatively constant mean but high and increasing dispersion of “spikes” (higher rainfall) and “troughs” (drought episodes), resulting in a high coefficient of variation. Figure 3 illustrates the pronounced interdecadal pattern of rainfall variability. A 20-year moving average of the coefficient of variation of annual rainfall (following the methods of Van Wilgen et al., 2016; New et al., 2000) found an almost significant (p = 0.0569) gradient (Figure 4). CV values for MAT between 1933 and 2020 were 2.7%, and higher 3.8%/4.6% for early and late seasonal rainfall, respectively.
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FIGURE 2
Interannual and intra-seasonal rainfall variability and trendlines 1929–2020.
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FIGURE 3
Interdecadal rainfall variability 1929–2020.
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FIGURE 4
20 year moving average of the coefficient of variation.




Growth response

Supplementary Figure 1 reflects the similar and consistent pattern of growth in the individual and cohort response to rainfall between 1930 and 2020. Figure 5 illustrates the correlations between the climate variables [Tmax, MAP, early season (NDJ), and late season (FMA)] rainfall and growth indices, determined by year of measurement for each tree. Growth indices reflected the strongest correlation with maximum temperature. Minimum temperature was strongly correlated with dead Trees 6, 14, 15, 16, and 17. Growth revealed a slightly higher correlation with MAP than early rainfall (EWS). All dead trees, especially Trees 14, 15, and 16 indicated a higher correlation with rainfall, primarily MAP followed by EWS and LWS. Growth showed the least correlation with late seasonal rainfall. Figure 6 illustrates the individual and cohort response linked to MAT between 1933 and 2020. Growth accelerated in all cohorts during warming with distinct dips in dry years. The mean annual increase in DBH was 0.2 cm.
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FIGURE 5
Correlation between climate and growth indices.
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FIGURE 6
Growth response to MAT and warming (red graphs) with dips in dry years between 1933 and 2020.




Extreme events and mortality

Extreme climate events included combined drought and freezing events in 1946–1947, 1961–1968, and 1972–1973 and 100+ year, record rainfall in 2000. Trees 14 and Tree 15 on the lower slope (Supplementary Figure 2) contracted during the 1946–1947 drought (Supplementary Table 1) and died in 1965–1966 (Guy, 1970) following the most severe freezing spell on record in 1964 and during the longest drought. MAP averaged 260 mm with a mean deficit of 39% (Supplementary Table 4). Mortality followed in Tree 16 in 1978 possibly lagged from the severe droughts of the mid-1960s and 1972–1973. “Staghead” Tree 17 died after the protracted aridity and droughts in the 1980s and 1990s. All dead trees were located on the lower slope. In January and February 2000, record rainfall of 702 mm (equivalent to 98% of MAP for two years) from tropical cyclone Eline resulted in flooding of the Limpopo River and mortality of baobabs adjacent to rivers, drainage lines, or on fractures, which included Tree 6 at SNR.



Climate and cohort recruitment: Cohort 1 (Tree 13)

The youngest baobab at SNR was radiocarbon dated to between 1894 and 1904 using the IntCal09 calibration dataset (Reimer et al., 2009). The drought between 1892/3–1895/6 and an El Niño in 1903 optimised recruitment during the 1897–1902 wet period (Therrell et al., 2006) providing an age of 118–123 years in 2020. Based on DBH in 1930, recruitment of Cohort 1 occurred between 1870 and 1900, a period identified as the wettest in the region in the previous 200 years (Neukom et al., 2014a), and “significantly warm” (Zinke et al., 2014).



Cohort 2 (Tree 11)

The baobab was carbon dated to between 1815 and 1836 using both the SHCal04 (McCormac et al., 2004) and IntCal04 (Reimer et al., 2004) calibration datasets. The year 1815 coincided with a pronounced wet decade between 1810 and 1820 (Hannaford et al., 2015) before a severe regional drought during the 1820s and 1830s (Nicholson et al., 2018), suggesting that Tree 11 was ∼205 years in 2020. Based on DBH in 1930, we suspect that older Trees 7 and 10 recruited during the wetter and warming conditions between 1740 and 1800 (Zinke et al., 2014).



Cohort 3 (dead Tree 15)

Recalibration (updating) used the IntCal04 calibration dataset (Reimer et al., 2004) which dated the baobab to between 485 and 565 years at mortality in 1966 with recruitment estimated between 1440 and 1520 CE. The period coincided with a pulse of higher rainfall identified in the LRV between 1400 and 1480 CE (Huffman and Woodborne, 2021).



Warming

Increased temperature and growth at SNR coincided with the 1976–1977 Global Warming Shift (Box 2). Most heatwaves (86%) occurred in the subsequent warming while 90% of freezing episodes occurred before 1976. The amplitude of ENSO after the climate shift was the highest recorded since 1590 CE and resulted in unusually recurrent El Niño episodes (IPCC, 2021). Seasonal variability increased from 1929–1976 (CV value 40.74%) to 1976–2020 (CV value 45.79%) and further in 1999–2020 (CV value 49.1%). NDJ rainfall (crucial to phenology) was slightly more variable before 1976–1977 (CV value of 51.1%) than after the climate shift (CV value of 47.5%). In contrast, higher CV values for FMA rainfall (important for ripening fruit) increased from 52.3% (1929–1976) to 74.9% (1976–2020). Between 1999–2020 the CV value rose to an extreme 82.7%.


BOX 2  1976–1977 Global Warming Shift. Trenberth (2015). Reprinted with permission, AAAS.
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Hydrological drought, topographic disturbance, and soils

Supplementary Figure 2 displays tree and cohort positions, topography, aspect, disturbance and hillslope profiles with slope and soil values. The hillslope toposequence consists of a main ridge and shoulder with the strongest growth (Trees 9, 10, 4, 8), backslope with the steepest gradient and runoff, and poorest growth (dead Trees 6, 15, 16, 17), deposition zone of quartz (dead Tree 14), and footslope (Tree 13) which extends off-site to the Sand River valley. Trees 5 and 7 lie off the main slope, Trees 1–3 lie on a secondary slope and Trees 11 and 12 lie on a steep side slope. Quartz outcrops along the main ridge and the sloping side ridges. Run-off has increased disturbance by transporting weather-resistant quartz rock and sediment downslope, exacerbating rock and soil displacement, erosion and gullying. The result is a central scour zone of sheet erosion bordered by gully erosion (Forestry Department Archives, 1967) and a deposition zone of quartz scree. Fractures that allow ponding were identified under dead Tree 6 and near Trees 5 and 7. Soil depths of between 330 and 700 mm indicate a shallow soil hydrology. Soil samples were analysed by Central Analytic Laboratories (CAL Lab), South Africa and identified as coarse-textured, stony, sandy, rapidly draining with decreased water retention and nutrient-poor. The alkaline soil with a pH of 7.93–8.38 is calcareous with low organic matter (Supplementary Figure 2). Calcium (Ca) levels were nearly double on the main ridge but phosphorous levels, typically prevalent in savannas according to CAL Labs, were low (P BRAY1 test).



Pests, pathogens, and dehydration

The largest group of cultures obtained resembled species of the Botryosphaeriaceae family and the genus Phoma obtained from diseased and healthy plant material. The Botryosphaeriaceae cultures were identified as Lasiodiplodia mahajangana based on sequencing of ITS and tef-1α. This latent pathogen is the most commonly isolated species from baobabs (Sakalidis et al., 2011; Cruywagen et al., 2017). It is mainly found in stems and can exist in healthy trees for long periods without causing any disease until the plant is stressed and is manifest in rotting of plant material (Cruywagen et al., 2017).

Other genera isolated include Microsphaeropsis, Paraconiothyrium, and Acremonium but none of these has been reported as causing disease on baobabs. None of the sampled baobabs hosted aggressive pathogens that could account for mortality. The same latent pathogens occurred in all trees (healthy, stressed, or diseased). Fungal infection was not the cause of the “powdery mildew” appearance on the sun-facing stem of Tree 3, observed from 2015, as initially suspected, but an unreported, possibly stress-related, physiological response. The cultures resembling Phoma sampled from Trees 2 and 3 were identified as a novel Didymella species. While the isolates collected were not able to cause significant disease when inoculated onto healthy trees in a greenhouse (data not shown), the species from this genus are well-known plant pathogens causing leaf blights (Moral et al., 2018) and stem cankers (Ahmadpour et al., 2017). The novel Didymella sp. may therefore still be classified as a potential pathogen able to cause disease when trees are stressed.

All trees at SNR displayed branch dieback. Discolouration of branch undersides was observed on-site during drought years and throughout the region at the end of the 2001–2007 drought. Dehydration was suspected as these areas had shrunk and the condition cleared in non-drought years.



Genetic diversity

Microsatellite loci are shown in Supplementary Table 3a (ST3a). The total number of alleles detected at each locus ranged from 10 to 24 (ST3b). Five loci were missing from the complete data matrix (one locus from three trees, two loci from a fourth tree). Observed heterozygosity was higher than expected for six out of the eight loci analysed with the overall heterozygosity for the population (0.935 ± SD 0.038) also slightly higher than expected (0.898 ± SD 0.014) (ST3c). Multi-locus inbreeding coefficients represent the degree of deviation from Hardy–Weinberg equilibrium, for both the total population (GIS = −0.033) and per cohort (GIS = −0.017 to −0.035), though only the measure of GIS for the total population and Cohort 03 are statistically significant (p = 0.006, p = 0.042, respectively) (ST3d). Individual heterozygosity (H) and d2 values for microsatellite loci are given in ST3e. The mean individual heterozygosity per cohort was 0.9018, 0.8606, and 0.9249 and d2 values were 14.2233, 12.1608, and 11.9953, respectively. Supplementary Figure 4 displays the range in cohorts and individual trees. The mean individual heterozygosity (H) per cohort was 0.9018, 0.8606, and 0.9249 and d2 values for microsatellite loci were 14.2233, 12.1608, and 11.9953, respectively. No correlation was found between individual heterozygosity and d2 values (r2 = 0.0476, F = 0.4997, p = 0.4958).




Discussion

The 90-year, daily and local climate-growth dataset provides a unique, long-term instrumental record of natural climate variability and response although it covered a fraction (∼11%) of the climate legacy of the oldest baobabs. Despite inconsistency in timing of tree measurements prior to 2003, data included all extreme climate events. The discussion evaluates response to climate variability, extreme climate and warming in dry conditions and the influence of genetic diversity and evolutionary legacy effects. It concludes by evaluating the two hypotheses: (1) The baobab is compromised by climate variability, extreme events, and climate change; (2) Depends for resilience primarily on higher genetic diversity and evolutionary legacy effects at the climate-variable, range edge in southern Africa.


Climate variability

Variability was primarily driven by ENSO (El Niño-Southern Oscillation) and the positive Indian Ocean Dipole (pIOD) (Supplementary Table 1). High interannual variability compounded risk from low rainfall. The pattern of decadal variability (Figure 3) contributed directly to the interdecadal droughts and disturbance from El Niño. The typically rain-bearing La Niña dominated LRV climate from 1999, driving 38% of ENSO events over the last 23 years, including the severe drought of 2011–2012 (Supplementary Table 1). In contrast to ENSO, the pIOD peaked in Austral spring, which co-occurred with baobab phenology in the study area, making it potentially another damaging driver. Temperature was far less variable than rainfall with CV values (1933–2020) of 2.7% for MAT and 1.8% per decade. Like rainfall, variability was higher during late rainfall (4.6%) than early rainfall (3.8%) seasons.



Recruitment, resource acquisition, and growth

Radiocarbon dating and paleoclimate suggest that recruitment was limited to infrequent wet and warm episodes estimated at between 60 and 160 years. Baobabs adopted an opportunistic fast-slow growth strategy dependent on resource acquisition. The finding mirrored other research in the genus where rainfall events allowed rapid water uptake and fast growth (Chapotin et al., 2006a) and early leaf flushing maximised photosynthesis (ibid). According to Chapotin et al. (2006b), “virtually no water was withdrawn to buffer water deficits.” A rare example of a dead but standing baobab without bark in the river valley below SNR is illustrated in Supplementary Figure 3 and would suggest that water reserves were not depleted even at mortality. Nonetheless, in the dry conditions at SNR, “contracting” and “cracking” soils around the base of baobabs and large roots in drought indicated water release from roots (Guy, 1970; Piearce et al., 1994). Late rainfall events extended canopy retention up to 6 weeks (Supplementary Figure 3) while reduced rainfall favoured a conservative, low growth-survival strategy. Vandegehuchte et al. (2015) found that the double syndrome of cortical photosynthesis in A. digitata increased carbohydrates during drought and high temperatures, or when trees were leafless.

Growth rates between 1930 and 2020 varied significantly between and within cohorts (Supplementary Table 1): Growth of Cohort 1 ranged between 53.8% (Tree 9) to 371% for youngest Tree 13. Growth of Cohort 2 ranged between 25.5% (Tree 10) to 64.4% (Tree 7). Largest Cohort 3 baobabs recorded lowest growth of between 1.2% (Tree 1) and 5.8% (Tree 5). The virtually stagnant growth in Tree 1 might have prevented the dieback observed in other baobabs over the past 20 years although historic dieback is evident (Supplementary Figure 3). The anomalous low growth of Trees 9 and 12 (Figure 6) in Cohort 1 was ascribed to a trade-off in Tree 9 from radial to height growth to increase the sunlight blocked by an adjacent tree (Nicolini et al., 2003; Supplementary Figure 3). The low growth of young Tree 12 was attributed to a trade-off with the resource-poor and steep mid-slope position (16.2%). Lacking the widespread, shallow root system found in mature baobabs, juveniles are less able to capture rainfall pulses.

Although growth is a standard measure for determining adaptation to a particular environment (Wieser et al., 2010), the accelerated growth over the past 20 years contrasted sharply with dehydration, canopy dieback and a novel Didymella pathogen. Growth was also moderated by topography and soils. All dead trees were located on the lower slope (Supplementary Figure 2). Baobabs grow best on the calcareous soils found on site (DAFF, 2012) but rapid draining, nutrient-poor and rocky soils support a relatively slow-growing vegetation (Lal, 2006). High phosphorous is a predictor of tropical deciduous species, including sister species, Cavanillesia platanifolia (Condit et al., 2013) but phosphorous levels at SNR were low for the African savanna and unavailable because of the high pH.



Extreme climate, dieback, and mortality risk

Extreme climate events over 90 years resulted in the highest mortality risk. “Numerous deaths” were observed during the combined drought and freezing events of the 1940s and 1960s (Guy, 1970), the coupled aridity-warming episodes during the 1980s and 1990s (Nicholson et al., 2018), record flooding in 2000 from Tropical Cyclone Eline (Reason and Keibel, 2004) and combined drought and heatwaves between 2001–2007; 2011–2012, and 2019–2020 (Supplementary Table 4). Meteorological drought was exacerbated by low temperatures, drought and disturbance as a result of hillslope runoff and erosion. Greatest mortality occurred on the lower slope (Supplementary Figure 2) which had the highest runoff and exposure to frost. Tropical baobabs are extremely vulnerable to frost (DAFF, 2012). The functional loss of relatively few and large xylem vessels (up to 346–364 μm) (Chapotin, 2005) would be unduly adverse (Chapotin et al., 2006b) as large vessel diameter is positively correlated with freezing-induced embolism (Hacke et al., 2017).

A trade-off between survival and growth at SNR is evident in the pervasive and progressive crown dieback and incomplete recovery (Supplementary Figure 3). Identified by White (1986), the process of dieback begins with low growth and progresses to root and crown dieback, epicormic growth (partial recovery) and ultimate stag-headedness (Supplementary Figure 3), but may lead to recovery at any stage, as Tree 5 confirms (Figure 6). Regarded as a sacrifice-survival response in diffuse-porous trees like baobabs (Piearce et al., 1994), dieback is poorly captured although prevalent in the region. It is historically linked to abrupt climate variations, progressive decline and pests and pathogens (ibid.). During periods of water stress, peripheral and replaceable parts of the tree (leaves and twigs) may be “sacrificed” to reduce xylem tension and delay embolism damage in the stem (Tyree et al., 1993). Guy (1970) predicted imminent mortality of Tree 5, but like the collapse of the apical branch in Tree 3 (Supplementary Figure 3), dieback is a trade-off that boosts hydraulic resistance by decreasing height, xylem tension and the costs of turgor maintenance (Zhang et al., 2009) as “highest leaves are the most expensive” (Zimmermann, 1978). The drought-adaptation strategy was evident in all baobabs at SNR as it reduces transpiration and reinstates a favourable water balance (homeostasis) to conserve water in the more vulnerable and costly stem (Zwieniecki and Secchi, 2014).

In contrast to global reports of increased mortality on ridgetops (McDowell et al., 2008), regional ridgetops and mid-to-upper hillslopes like SNR, were less affected than valleys (Piearce et al., 1994; Caplan, 1995). In the hot droughts during the late 1980s and 1990s and between 2001 and 2007, mortality was greater in the adjacent valleys (Caplan, 1995) and below the study site (Supplementary Figure 3). It would suggest that combined drought, frost and topography was a key factor in mortality.



Climate cycles and warming

Three prominent climate cycles occurred in the region during the life-history of the SNR baobabs. The first cycle between 880 to 1320 CE though variable, was wetter and slightly warmer than today (Tyson and Preston-Whyte, 2012). It coincided with the dominance of Cohort 3 in the region (Whyte et al., 1996). The second cycle, known as the “large cooling” between ∼1690 to 1720 CE (Sundqvist et al., 2013) was linked to the highest aridification over 6,600 years (Tyson and Preston-Whyte, 2012), decreased CO2 (Neukom et al., 2014b), and a gap in recruitment between Cohorts 2 and 3 determined by radiocarbon dating. The third and current cycle began with the abrupt warming shift in the tropical Pacific Ocean in 1976–1977 (Guilderson and Schrag, 1998; Trenberth, 2015), determined locally from coral oxygen isotopes (δ18O) (Zinke et al., 2014; Box 2). According to the IPCC (2021), the subsequent rate of warming exceeded any other 50-year period over the past 2000 years including the majority of heatwaves in the LRV (86%). The past four decades (1980–2020) were the hottest recorded since 1850. The aridity and warming between 1980 and 1998 following the climate shift had “no analogue” in the region (Nicholson et al., 2018). Although only “staghead” Tree 17 died at SNR (Supplementary Figure 3), mortality was reported in valleys adjacent to SNR (Caplan, 1995), Zimbabwe (Piearce et al., 1994), and the Kruger National Park (5.vegetation.pdf).4 Regional mortality from Tropical Cyclone Eline in 2000 indicated that risk factors included excessive moisture.

Baobabs responded to warming with higher overall growth and dips in dry or drought years (Figure 6) which indicates little or no climate lag as reported for other long-lived species (IPCC, 2014, quoted in Falk et al., 2019). The evolution of Adansonia digitata in the Pliocene (Zizka et al., 2020) suggests that the species likely survived temperatures at least as high, and possibly higher than predicted for the near future (Dick et al., 2013). Increased growth in warming reflects the strong correspondence between temperature and CO2 concentration (NOAA, 2022). Warming increased woody encroachment on site (Supplementary Figure 2). Multiple studies in the LRV report elevated CO2 (eCO2) fertilisation (Scheiter et al., 2018 and references therein), analogous to the denser tree cover recorded during warm and humid climate shifts in the LRV from the mid-Holocene (Lee-Thorp et al., 2001). Although higher temperatures may benefit baobabs which recycle carbon, as eCO2 promotes greater efficiency in water use (Vandegehuchte et al., 2015), observations during the protracted drought between 2001 and 2007 emphasised the threat of “hot drought” when water stress, dehydration, canopy dieback, pests and pathogens were identified at SNR and across the region (Cruywagen et al., 2017).



Resilience: High genetic diversity, evolutionary legacy effects, and regeneration

Adaptive capacity to environmental conditions, including high genetic diversity, evolutionary legacy effects and regeneration, was the primary contributor to resilience. Although the demographic history of the African baobab has not been thoroughly studied across the range, the higher than expected heterozygosity under Hardy–Weinberg equilibrium at SNR is consistent with baobab genetic diversity found in the LRV (Tivakudze, 2014; Venter et al., 2017), West Africa (Assogbadjo et al., 2005; Ndoye et al., 2013), and long-lived, outcrossing trees (Rodríguez-Quilón et al., 2015). It would suggest that climate variability and range shifts led to selection pressures (reviewed in Pauls et al., 2013). The adaptive trait may reflect increased fitness and response to environmental conditions and range shifts (Pauls et al., 2013; Engelhardt et al., 2014), Numerous empirical studies demonstrate correlations between heterozygosity and fitness (Shikano and Taniguchi, 2002; Da Silva et al., 2009) that allow higher resilience and wider ecological amplitude (Soltis and Soltis, 2000).

Evolutionary legacy effects included drought-avoidance traits of leaf shedding, water storage and retention, and cortical photosynthesis which are shared with the Neotropical genus, Cavanillesia (Wolfe et al., 2016; Wolfe, 2017, Wolfe, personal communication, 2021), and tolerance to warming (Dick et al., 2013). Baobabs share similar response to disturbance as Neotropical forests with longevity trade-offs with low growth and recruitment (Rüger et al., 2020). The additional trade-off between low growth and reproduction, or maturity, at SNR has not been reported. Stem water storage and retention provided the necessary turgor, as depletion of stem water reserves would result in structural failure, because of the weak, low-density wood (Piearce et al., 1994). A rare example of a dead but standing baobab without bark in the river valley below SNR is illustrated in Supplementary Figure 3, suggesting that water reserves were not depleted at mortality.

The African baobab evolved in disturbed, fire-prone ecosystems and is a resprouter (Wickens and Lowe, 2008; Supplementary Figure 3 and Box 3). Resprouting allows faster recovery from disturbance (Clarke et al., 2013) although trade-offs may be significant, for example, lower recruitment rates and longer time to maturity (ibid.) which our findings demonstrate. The persistence trait has substantial benefits: Resprouters produce new xylem conduits quickly (Gleason et al., 2014) and can maintain living tissue despite an almost complete loss of xylem conductance at least in the short-term (Blackman et al., 2019), which allows drought-adapted taxa with stored water to survive for months (Körner, 2019). The advantage of resprouting is that loss of biomechanical integrity and collapse may not imply mortality as suggested by the “demise” of large baobabs reported in southern Africa (Patrut et al., 2018). Only ∼4 of the 22 baobabs listed had died by 2020. Others, for example in Box 3, survived by resprouting.


BOX 3  Resilience through resprouting. (A) Lêboom, 8 km from Skelmwater, winter 2019. (B) Glencoe Baobab in 2018 after collapse in 2009.
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Baobabs are the only known tree species to survive complete girdling (Fisher, 1981). Extensive scarring by elephants of Cohort 3 bark and human harvesting of Tree 7 (fully girdled) and Trees 9, 10, and 11 (at least halfway girdled) have regenerated from parenchyma below the exposed xylem.




Conclusion

Nearly a century of evidence confirmed the hypotheses that baobabs are compromised by climate variability, extreme events and climate change, and depend for resilience on higher genetic diversity and evolutionary legacy effects of stem water storage, longevity trade-offs of low growth and recruitment, as well as reproduction at SNR. Evolution of resprouting in disturbed, fire-prone ecosystems and bark regeneration increased recovery from disturbance. Adaptive capacity revealed why survival trumped growth and enabled colonisation at the edge of the range in the climate-variable, African drylands. Biogeographic origins in the Neotropical forest dispel the myth that the African baobab is a xeric succulent. Like other members of the Bombacoideae, the baobab is a woody tree species with origins in the Neotropics (Zizka et al., 2020). Higher mortality on lower slopes from combined frost and drought events prior to the 1976-1977 Global Warming Shift, contrasted with global findings of highest intraspecific tree mortality on dry, sun-facing ridgetops (McDowell et al., 2008). Although warming accelerated growth, hot droughts were a significant mortality risk in older trees.

Targeting future mortality risk should include the longevity cost of elevated CO2-driven growth and the consequences of heightened disturbance from increased climate variability. According to the IPCC (2021), “it is virtually certain” that El Niño–Southern Oscillation (ENSO) will remain the dominant mode of interannual variability in a warmer world where MAP will decrease up to 10% and MAT will rise by 2°–3°C (ibid). As the southern hemisphere tropics is one of two identified global hotspots with amplified hot years (Zeng et al., 2021), the potentially heightened disturbance from climate variability, hot droughts and increased landfalling tropical cyclones from the rapidly warming, tropical SWIO (Muthige et al., 2018; Cai et al., 2020), higher than the other oceans (IPCC, 2021), magnifies mortality risk for “Africa’s favourite tree” (New Scientist, 1991).
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