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Introduction: Climate change is expected to exacerbate the pressures faced by already fragile ecosystems. Negative impacts on the localized and culturally significant plant and animal species within these ecosystems will have cascading effects for the indigenous communities that interact with those species. Understanding how climate change affects culturally important seed crops may be particularly important, as seeds are critical for forest regeneration as well as providing sustenance for wildlife and people. In the central North Island/Te Ika-a-Māui of Aotearoa-New Zealand, Tūhoe elders of the Tuawhenua region have observed declines in seed production by the large-fruited locally dominant forest tree Beilschmiedia tawa (tawa, Lauraceae) over the last half century, which could be related to climate change.

Methods: We used seed trap data from six sites throughout the geographic range of tawa to measure trends in seed crop size from 1986 to 2020 and to determine which weather factors affect seed crops. We then used these weather predictors to hindcast how tawa seeding may have changed in Tuawhenua forests from 1910–2019, based on historic weather data.

Results: Seed trap data showed a decline in seeding through time across tawa’s range, and that seeding was lower at more northerly sites. Seed crops were synchronous among trees within sites, but were strongly asynchronous among sites. High seed crops were associated with cooler summer and winter temperatures, and with high rainfall. In the Tuawhenua region, increases in summer and winter temperatures appear to have contributed to the declines in tawa seed crops observed by elders, with the model predicting that years with heavy fruiting have become less frequent after 1940.

Discussion: Our study provides strong evidence that tawa is undergoing changing seedfall patterns in response to changing climate. The biggest weather drivers of seeding that we identified in tawa were winter and summer temperature, both of which were negatively associated with crop size. Both winter and summer temperatures have increased in Tuawhenua in the last 100 years suggesting a possible mechanism to explain observations of long-term declines in tawa seedfall observed by Tūhoe elders of the Tuawhenua region, with ecological and cultural implications.
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1. Introduction

Forest-dwelling indigenous communities are among the first to face the direct consequences of climate change, owing to their reliance on natural resources for both economic subsistence, cultural identity and heritage. Globally, many regions are expected to experience significant warming through the 21st century, accompanied by more frequent and severe droughts and floods (IPCC, 2021). These shifts in climate conditions will impact culturally significant plants, animals, and environments, with flow-on effects to indigenous communities’ identity, sense of place, social-ecological knowledge systems and existing practices (Voggesser et al., 2013). Indigenous communities’ access and connection to valued species is already being impaired by climate-induced range shifts, such as with wild rice for the Anishnaabeg people in northern U.S.A (Lynn et al., 2013).

While many components of forests are likely to be impacted by climate change, impacts on seeds may be particularly important because of their importance for forest regeneration, and as food for humans (Herrmann, 2006; Lynn et al., 2013; Long et al., 2017) and ecologically and culturally important animal species (Wilson et al., 1998; Bogdziewicz et al., 2016). Any impacts on seeds could affect the regeneration of tree species whose decline or loss can have major ecological and cultural impacts (Rivers et al., 2022). Given the long generation times for many forest trees, seeding failure may not manifest changes in forest structure for many years (Tilman et al., 1994; Kuussaari et al., 2009). Therefore, identifying species at risk of, or currently experiencing seeding failure is important for informing climate change adaptation strategies.

Climate effects on seed crops are complex (Walck et al., 2011; Bogdziewicz, 2022). First, climate may act as a synchronizing cue for large scale flowering in masting species [i.e., species with temporally variable, spatially synchronous seed production (Richardson et al., 2005; Bogdziewicz et al., 2021)], where pollination efficiency (Norton and Kelly, 1988), predator satiation (Kelly and Sullivan, 1997; Peters et al., 2017; Bogdziewicz et al., 2018) or ability to make use of suitable environmental conditions for regeneration (Ascoli et al., 2020) depend on large, intermittent, synchronized seed crops. Hence, a failure of synchronization also leads to a failure of seed production itself (Bogdziewicz et al., 2021) or plant regeneration more generally. Second, climate can influence plants’ acquisition of resources that are required for reproduction. For example, moisture and warming may both increase rates of N mineralization if microbial action is enhanced (Hartley et al., 1999) or decrease it if mechanical breakdown of litter by freeze-thaw is limiting (Ueda et al., 2013). Finally, factors such as drought can limit the ability of developing fruits to reach maturity, either resulting in premature abortion (Nussbaumer et al., 2020) or undersized seeds which have lower establishment success under some circumstances (Leishman et al., 2000).

Observed climate change effects on seeding patterns suggest a range of responses, likely stemming from a range of mechanisms determining the annual crop for different species (Bogdziewicz, 2022). Moreover, even within species, climate change responses will be dependent on spatial variation in climate and the interaction with other aspects of the species’ ecology. For example, Allen et al. (2014) found average crop size increased over time for mountain beech (Fuscospora cliffortioides) at high elevation, but not at lower elevations at the same site, despite a general increase in the temperature flowering cue everywhere. The authors interpreted this result as a precipitation-driven increase in soil nutrients rather than a response to warming. Hence, prediction of future impacts, and interpretation of past patterns, requires a clear understanding of the mechanisms underlying seed production.

Here, we investigate the relationship between weather variables (short-term temperature and rainfall conditions during a particular season) and seed production for the recalcitrant tree Beilschmiedia tawa (hereafter referred to as tawa), which is endemic to Aotearoa-New Zealand. Recalcitrant species account for 33% of all tree species (Wyse and Dickie, 2017) and have no seedbank due to their short-lived, desiccation-prone seeds. Tawa seeds are rapidly killed by desiccation (West, 1986), and mortality of seedlings due to desiccation may be affecting recruitment at some sites (Morales et al., 2016). The lack of a seed bank means seeding failure is much more likely to result in poor regeneration outcomes (Pritchard et al., 2022). Tawa produces large, oval shaped single seeded fleshy fruits, which are a significant food source for the kererū (Hemophagia novaeseelandiae) (Emeny et al., 2009), a frugivorous pigeon. Kererū have cultural significance to many of the indigenous Māori iwi (tribal groups) of Aotearoa-New Zealand (Wright et al., 1995; Timoti et al., 2017), are a source of cultural identity, highly valued for food and feathers (Feldman, 2001; Lyver et al., 2008) and are ecologically important seed dispersers (Clout and Hay, 1989; Kelly et al., 2010). In addition, the denuded and preserved tawa fruit (known as pōkere) was historically an important food source for some iwi (Doherty, 2010).

The Tūhoe Tuawhenua, a sub-regional community of Tūhoe people residing in the Te Urewera rainforest in the heart of Aotearoa–New Zealand’s North Island (Te Ika-a-Māui), have raised concerns about the diminishing tawa seed yields observed over the past few decades (Lyver et al., 2017). These indigenous elders suspect that climate change could be a contributing factor to this decline (Lyver et al., 2008). “In our time boy, the forest was lush and beautiful. There was an abundance of trees growing in the forest. Now, there are places that I have gone to and couldn’t find many tawa berries at all. They were a main part of our food source. Harvesting was from the end of December to February. There was a set time when they fall off the branches. Parekaeaea was a place where the tawa grew in abundance and they were always loaded with tawa berries” Peho Tamiana, as translated from Māori, cited in Lyver et al. (2017).

Other mechanisms, such as increased browsing pressure by introduced brushtail possums (Trichosurus vulpecula) that became established during the period of initial seeding declines, have also been posited by elders (Lyver et al., 2008). In addition, selective logging of emergent podocarpus between 1950 and 1975 has significantly altered forest structure, resulting in tawa becoming the dominant canopy species (Carswell et al., 2007).

In this paper we aim to: (1) quantify seed crops and describe patterns in space and time across the geographic range of tawa; (2) clarify weather variables correlated with seed crop size, and (3) determine how the weather variables have changed over time in Tuawhenua, and evaluate what effect this may have on fruit production. Specifically, we analyze six long-term annual tawa seedfall datasets from across tawa’s range, spanning between 8 and 18 years. We quantify patterns of interannual variability and determine whether seedfall is synchronous across sites. We model seedfall to test whether there are latitudinal and temporal trends in seedfall consistent with a susceptibility of seedfall to climate change, and identify the weather drivers affecting seeding. From this information we develop a weather-seeding model to retrospectively predict seedfall for forests of the Tuawhenua region over the previous century and identify which aspect of a changing climate might underly elders’ observations of declining tawa seed crops.



2. Materials and methods


2.1. Study species

Tawa is long-lived, shade tolerant and grows mostly in lowland mixed broadleaf-podocarp forest, where it can reach over 30 m tall and up to 1 m in trunk diameter (Knowles and Beveridge, 1982). Tawa is widespread in Aotearoa-New Zealand’s North Island up to 800 m elevation and occurs in the South Island/Te Wai Pounamu north of 42°20’ S (Knowles and Beveridge, 1982), accounting for more basal area than any other fleshy-fruited species in the Aotearoa-New Zealand flora by at least two orders of magnitude (Kelly et al., 2010). Tawa fruits are ellipsoid drupes, each containing a single seed surrounded by a fleshy mesocarp, and are the fourth largest fruit in Aotearoa-New Zealand’s indigenous flora at 20–40 mm in length and 15.5 mm in diameter (Clout and Hay, 1989; Kelly et al., 2010).

Tawa produces small (2–3 mm diameter), perfect flowers arranged in inflorescences (Dawson et al., 2011). Pollination is most likely performed by the Aotearoa-New Zealand endemic thrip, Thrips obscuratus (Norton, 1984) as floral morphology is poorly suited to wind borne pollination and pollen is produced in very low quantities (Macphail, 1980). Flowering onset varies considerably throughout the range of tawa (West, 1986), but peak flowering occurs from December through January (Roper, 1967; West, 1986; Dijkgraaf, 2002). After fertilization, perianth segments close and flowers over-winter until spring when embryos begin to enlarge (West, 1986). Mature fruits fall mostly between January and March, 12 to 14 months after flowering (Leathwick, 1984; West, 1986). Annual seed production in tawa is described as variable, with observations of intermittent large crop years interspersed with smaller crops (Beveridge, 1964; Knowles and Beveridge, 1982; West, 1986). In the highest reported seeding years, more than 100 seeds m-2 were observed beneath parent trees over an 11-year period by Knowles and Beveridge (1982) at Pureora Forest (Latitude South 36.84 decimal degrees), and Kelly et al. (2010) observed 5 to 62 seeds m-2 over a 9-year period at Blue Duck (Latitude South 42.24 decimal degrees). However, there are no published estimates of the coefficient of variation for inter-annual variability in seedfall.



2.2. Data sources

Seedfall data for six sites spanning the natural range of tawa (Figure 1; Table 1) were obtained from the New Zealand Department of Conservation’s National Seed Rain Network and our own data. Seeds were caught in traps (0.283 m2 in area except for traps at Pelorus Bridge before 2010 and before 2012 at Blue Duck which were 0.1 m2) underneath chosen parent trees and emptied several times through the season. Seed counts for each seed trap under tawa were summed to give annual seedfall counts for each tree. Dispersed, whole and herbivore-damaged fruits were included, but aborted immature fruits were not.
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FIGURE 1
Location of the six seedfall sites (yellow triangles) spanning the latitudinal range of tawa. Current native forest cover is represented by the shaded areas. The red star marks the location of the Tuawhenua region. Native forest cover data obtained from Ministry for the Environment, licensed under CC BY 4.0.



TABLE 1    Summary of tawa seedfall datasets giving years and trees sampled, and study site climates, ordered by latitude.
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Weather data were obtained from the History of Open Temperature and Rainfall with Uncertainty in Aotearoa-New Zealand (HOTRUNZ) dataset (Etherington et al., 2022). HOTRUNZ provides estimates of monthly average rainfall and air temperature for 1 km grid cells across the land area of mainland Aotearoa-New Zealand using climatological aided natural neighbor interpolation. HOTRUNZ offers advantages over other Aotearoa-New Zealand weather datasets in that it is open access, and covers a long period (1910–2019).



2.3. Seeding patterns in time and space

Coefficient of variation (CV, i.e., standard deviation/mean) values were calculated to quantify inter-annual variability in seedfall for individual trees (CVi) and site means (CVp; Koenig et al., 2003 Oikos).

Synchrony of seed production among trees within a site, and among sites, was measured by calculating pairwise cross-correlations (Pearson’s r) between annual seedfall counts for overlapping years (Buonaccorsi et al., 2003; Koenig et al., 2003). Correlation scores for tree pairs within a site were then averaged to give a site average pairwise correlation value. For correlations between site pairs, the number of years of overlap varied from 5 years (Cascade-Trounson) to 17 years (Pelorus-Blue Duck). Pearson’s r correlations were also calculated for monthly temperature and rainfall among sites for the period 1986–2019 to assess spatial consistency in weather. Monthly temperatures were first detrended by subtracting the site mean for that month calculated over the 1986–2019 period to avoid synchrony of seasonal changes elevating the calculated correlation coefficients.

To determine if seedfall had declined through time and varied latitudinally across tawa’s range, a generalized linear mixed model (GLMM) was fitted to the seedfall data with year and latitude as fixed effects. The GLMM used a negative binomial error distribution and a log link. Random intercepts for both seed trap and site were included to control for repeated measures and spatially clumped data, respectively. R2 statistics for GLMM model fits were calculated using linear regressions between observed and predicted seedfall values for marginal (fixed effects) and conditional (fixed and random effects) model components separately.



2.4. Effects of weather on seedfall

We use the term ‘weather’ to refer to short-term rainfall and temperature variables experienced by trees during each season of seed development. We estimated the effects of weather on seedfall by fitting GLMMs to the seedfall data with weather predictors as fixed effects. An ‘all sites’ model was fitted to the complete tawa seedfall dataset, as well as separate models fitted to data for each site individually, to investigate differences in weather responses across tawa’s range. Individual site models included a tree level random effect, while the all-sites model included random intercepts for both tree and site.

Weather predictor variables for tawa were constructed from rainfall and temperature means extracted from the corresponding HOTRUNZ grid cell for each of the six study sites. A priori weather variable selection was guided by mechanistic drivers of variable annual seed production in perennial plants, and key phenological timings relating to tawa flower and seed production (Table 2; Figure 2). We used weather data for conventional 3-month seasonal blocks (December to February for summer, etc.) or larger, to minimize risks of overfitting.


TABLE 2    Weather variables potentially related to seedfall in tawa, and the mechanisms through which they may influence seed production.
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FIGURE 2
Tawa fruiting phenology, and weather predictor variables used to construct seedfall models. Phenology timings indicate averages for tawa across the literature (see Roper, 1967; Leathwick, 1984; West, 1986; Dijkgraaf, 2002).


For each weather predictor, we use the term ‘lag’ to refer to the number of years between each predictor and the year in which seedfall occurs (e.g., lag0 is the year of seedfall and lag1 is 1 year before seedfall). Weather predictors of seedfall are in chronological order as follows. GrowRain.lag3 is the total rainfall during the period of active radial growth for tawa in the year which floral induction occurs, selected to represent water availability. SummerTemp.lag3 is the mean temperature during the austral summer (December to January), which for many masting species is when floral induction occurs in response to a temperature cue. WinterTemp.lag2 and WinterTemp.lag1 are the mean temperature during the austral winter (June to August) prior to bud break and during immature fruit development, respectively. These periods of winter temperatures were selected based on tawa’s frost sensitivity. AnnualRain.lag1 is the total calendar year (January to December) rainfall for the period of fruit development when water stress may lead to abortion of immature fruit. See Table 2 for detailed explanations and references.



2.5. Climate trends and seeding in Tuawhenua

Here, we use the term ‘climate’ to refer to long-term, multi-decadal, changes in temperature and rainfall conditions. To make predictions for Tuawhenua, past seedfall was modeled using historical rainfall and temperature data for the period of 1910–2019 from the HOTRUNZ dataset fitted using the all-sites parameter estimates. As no seedfall data from Tuawhenua were used to construct the model, the expected population means for the random intercepts were to be assumed (i.e., zero). Our hindcasting analysis assumes that the relationship between weather and reproduction in tawa has not changed during the 1910–2019 period.

All statistical analyses were performed with R Statistical Software (v4.2.2; R Core Team, 2022) and all GLMMs were fitted using the package glmmTMB (v1.1.4; Brooks et al., 2017). Model diagnostics were performed with the package DHARMa (v0.4.6; Hartig and Hartig, 2017). Significance of fixed effects in the GLMMs was identified when the Wald 95% confidence intervals excluded zero.




3. Results


3.1. Seeding patterns in time and space

The two most southern sites averaged >40 seeds m-2yr-1, whereas Waipapa and the two Northland sites averaged <3 seeds m-2yr-1 (Table 3; Figure 3). The other North Island site at Otamatuna was intermediate. The low seedfall at the three low seed sites meant that more than three-quarters of all traps averaged less than 3.53 seeds m-2yr-1 (i.e., <1 seed m-2yr-1 in the 0.283 m2 traps), and at Cascade nearly half of the traps never caught a seed (Table 3). This limited some of the subsequent analyses and the CVi and synchrony calculations exclude trees with zero seeds caught.


TABLE 3    Summary of site seeding characteristics.
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FIGURE 3
Tawa seedfall through time. (A–F) Show annual fruit production at each site, where thin lines are individual trees, and the thick lines are site means. Panel (G) shows mean annual seedfall for all sites, omitting older observations for Pelorus Bridge (1986–90) to aid comparison among sites.


The population-level variation (CVp) at each site was in the range 1.0–1.7 which is moderate to high variability (Table 3). For the three higher-seedfall sites this was achieved with moderate levels of CVi and high synchrony between plants (0.51–0.63) (Figure 3). In contrast, the lower-seedfall sites had higher mean CVi values and much lower synchrony, as expected. The CVi is typically higher for trees with more 0 years, and the synchrony generally falls for very low-fecundity plants (see Section 4. “Discussion”).

Despite the generally high level of synchrony across time among trees within higher-seedfall sites, there was essentially no synchrony across time between sites, Figure 3G. The mean pairwise correlation among sites was r = −0.001, with an average of 9.7 years of overlap. This was not just due to the three lower-seedfall sites, which had both low seed production and fewer years of data (especially Cascade). Even considering only Blue Duck, Pelorus and Otamatuna the mean among-site correlation was still close to zero (mean r = 0.006, mean years = 13.7).

Whilst sites were largely asynchronous, there was a systematic decline in seedfall with time across all sites, time main effect: −0.10, 95% CI [−0.08, −0.23]. Seedfall also increased from southern sites to northern sites, latitude main effect: −0.50 [−0.25, −0.75].



3.2. Effects of weather on seedfall

Weather variables were significantly correlated across sites. This was especially true for temperature; the detrended monthly mean temperatures had an average between-site correlation of 0.784, ranging from a high of 0.870 at the two closest sites (Otamatuna-Waipapa) and a low of 0.656 at the most distant (Trounson-Blue Duck). As expected, rainfall had lower correlations with a mean of 0.439 and a range of 0.786 (Cascade-Trounson) to 0.202 (Blue Duck-Pelorus). All pairwise correlations between sites, for both temperature and rainfall, were statistically significant (n = 408 months, P < 0.05).

Across all weather predictors of seed crops, the direction and size of coefficient estimates varied among sites (Figure 4; Supplementary Table 1). This is not unexpected considering some sites have few years of data (6–12 years), and the particular weather conditions during each short monitoring period would affect which variables were significant, e.g., if a site had good rainfall throughout, a possible effect of dry weather would not be detectable. However, there was broad consistency, especially for temperature predictors where Summer lag 3, Summer lag 2 and Winter lag 1 were all negative in the all-sites model and most separate site analyses. Rainfall was more variable within individual sites, but was significantly positive in the all-sites model for both lag 2 and lag 1. The individual site model for Cascade did not converge and has therefore been omitted.
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FIGURE 4
Coefficient estimates for weather models fitted to seedfall data for all sites and individual sites. Cascade is not presented as the model for that site could not be fitted due to the shorter dataset and small number of traps which caught any seeds, but those data are included in the all-sites model. Points to the left of the vertical lines indicate a negative effect on seedfall and to the right, a positive. Horizontal bars show Wald 95% confidence intervals. Significant (P < 0.5) effects indicated by filled points. All coefficient estimates are given in table format in Supplementary Table 1.


The overall level of fit (marginal and conditional R2, given for all models in Table 4) were reasonably high within the three higher-seedfall sites, Otamatuna (marginal R2 = 0.17, conditional R2 = 0.48), Pelorus Bridge (marginal R2 = 0.26, conditional R2 = 0.49) and Blue Duck (marginal R2 = 0.20, conditional R2 = 0.48), and more variable at Waipapa (marginal R2 = 0.05, conditional R2 = 0.18) and Trounson (marginal R2 = 0.22, conditional R2 = 0.22). The all-sites model had a reasonably high conditional R2 (0.32) but relatively low marginal R2 (0.03), perhaps because of unmeasured site-specific factors responsible for the order of magnitude difference in mean seedfall between the most and least productive sites.


TABLE 4    R-squared statistics for seedfall models calculated using linear regression between predicted and observed seedfall values.
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The all-sites model (including Cascade data) showed that tawa produces larger seed crops under relatively low temperatures and high rainfall. This is consistent both with the observed decline in seedfall through time, as all sites have become significantly warmer over the past several decades (see Supplementary Figure 1), and with the frequent failure of trees to produce any seed at the warmer, northernmost sites at least since monitoring began in 2008.



3.3. Climate trends and seeding in Tuawhenua

Over the past century, the Tuawhenua region has experienced significant warming during the seasonal windows relevant to tawa seed production (Figures 5A, B). Average winter and summer temperatures were 1.76°C and 0.98°C higher, respectively, for the 1961–2019 period compared to 1910–1960. Annual rainfall showed a slight increase from 1910 until around 1970, then remained consistent other than the recent extremely dry years in 2018 and 2019 (Figure 5C).
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FIGURE 5
(A–C) Trends for weather variables significantly related to tawa seedfall for Tuawhenua and between 1910 and 2019. Horizontal lines indicate the average for each variable over the 1910–2019 period. A generalized additive model with 10 degrees of freedom was used to fit each trendline to aid visualization of changes in conditions over time. (D) Seedfall predictions for Tuawhenua between 1913 and 2019 based on weather correlates of annual seed production in tawa (seedfall was not predicted for 1910, 1911, and 1912 due to the 3-year lag of weather predictors). Weather variables used for predictions were the same as those used to model tawa seedfall, presented in Figure 4. Prediction standard errors are represented by the red shaded area. The vertical dashed line indicates when possums became common in Tuawhenua (Lyver et al., 2008) and the gray shaded area is the period when selective logging of podocarpus occurred (Lyver et al., 2018).


Model predictions indicated that changes in climatic factors related to seed production in tawa are consistent with a decline in seed crop over the past century in Tuawhenua (Figure 5D). Predictions show that years with heavy fruiting have become less frequent after 1940. As cooler winters and summers appear to be important for tawa fruiting (Figure 4; Table 3), the two periods of rapid warming (Figures 5A, B) are the major drivers of this trend. The peak in seedfall predictions for 1936 are likely attributed to successive years of very low temperatures (Figures 5A, B) which are beyond the range of the data used to fit the seedfall model. Therefore, the exact fitted values for seedfall may be unrealistically high.




4. Discussion

Our study provides strong evidence that tawa is undergoing changing seedfall patterns in response to changing climate. We found considerable spatial and temporal variation in tawa fruiting that in part follows latitudinal gradients and has been declining over time in recent years, consistent with seeding being most prolific in cooler climates both latitudinally and historically prior to recent warming. The biggest weather drivers of seeding that we identified in tawa were winter and summer temperature, both of which were negatively associated with crop size. Both winter and summer temperature have increased in Tuawhenua in the last 100 years suggesting a possible mechanism to explain observations of long-term declines in tawa seedfall observed by Tūhoe elders of the Tuawhenua region (Lyver et al., 2017).


4.1. Seedfall variability and synchrony

Compared to other mast-seeding trees, tawa seed crops are moderately variable across years. The mean CVp for the three higher-fruiting tawa sites (1.38 across Blue Duck, Pelorus and Otamatuna) would put it near the most variable one-third (the 64th percentile) of 570 global datasets (Kelly and Sork, 2002). However, as many Aotearoa-New Zealand plants are highly variable, tawa would be near the bottom (21st percentile) of the 34 datasets from 17 Aotearoa-New Zealand species in Schauber et al. (2002). The CVp, CVi and synchrony estimates for our three low-seedfall sites (Waipapa, Cascades, Trounson) are less reliable, since the low numbers of seeds caught inflates the CVi’s and decreases synchrony (Bogdziewicz et al., 2020), and those sites also have only 6–12 years sampled.

The extreme asynchrony of seeding among our sites is unusual. Strongly masting species can be in synchrony across scales up to 800 km across Aotearoa-New Zealand (Schauber et al., 2002) and up to 1,000 km overseas (Koenig and Knops, 2013, 1998; LaMontagne et al., 2020). In contrast, tawa is not synchronous even over short distances: Blue Duck and Pelorus are close (110 km) but completely asynchronous (r = −0.147).

This low synchrony of masting among tawa sites presents an apparent paradox, as something, typically weather, is required to give high within-site synchrony among trees (Kelly, 1994). Shared weather cues would be expected to trigger some synchrony among sites, since temperature and to a lesser extent rainfall show significant synchrony among sites out to considerable distances (Schauber et al., 2002; LaMontagne et al., 2020).

We believe the reason that synchrony is low between-sites but high within-sites is the nature of the weather cues. Tawa responds to an unusually complex array of weather variables (three temperature variables and two rainfall variables were significant in our all-sites model). Because of the long ripening period, these weather variables are spread across three growing seasons. Rainfall is known to be more spatially variable than temperature (Norton and Kelly, 1988), as we also found for our sites and years. Thus, for high seeding synchrony between two tawa sites, they would require both rainfall and temperatures to show synchrony, across 3 years and multiple seasons, including both summer and winter. This is a far more exacting list of weather matches than is required by most masting species which show high spatial synchrony. For example, New Zealand’s southern beeches and Chionochloa both respond to a single dominant temperature signal in late summer, 1 year before flowering (Kelly et al., 2013; Allen et al., 2014; Monks et al., 2016). There are other factors that also have some effect (spring temperatures just before flowering, Kelly et al., 2008; nutrient levels which are affected by rainfall, Smaill et al., 2011), but the summer temperature signal is so strong that temperature synchrony in that narrow time period will produce detectable synchrony in seedfall.

More generally, it is notable that tawa has recalcitrant seeds yet shows mast seeding. Masting means that little seed is produced in some years, so the species potentially misses gaps for reproduction, which should be a disadvantage. Masting trees with long-lived seed can take advantage of those gaps using dormant seed. However, Rees et al. (2002) showed for Chionochloa that having long-lived seedlings can allow masting plants to take advantage of gaps even in years when little seed is produced. As described below, tawa seedlings are very shade-tolerant (Lusk et al., 2015) and can survive for years on the forest floor, minimizing the negative effects of masting on a species with recalcitrant seeds.



4.2. Effects of climate change

Our most startling result is that in recent years, rising temperatures and decreasing rainfall most likely explains the marked reduction in tawa seedfall across the northern part of its range. Our highest seedfalls were recorded at the more southerly sites (two of which are practically astride the southern limit of the species) and in the earlier years of our study. This recent decrease is confirmed by comparison of our Waipapa data with the report in Knowles and Beveridge (1982) from the adjacent Pureora forest. In the 1950s they said seedfall in Pureora was up to 100 seeds/m2 in good years. We found at Waipapa 2009–2020 yearly mean seedfall never exceeded 10 seeds/m2.

Summer temperatures at lag 2 and lag 3 both had negative effects on seed production, which may indicate pollination, fertilization or floral induction processes in tawa are operating nearer their upper temperature limit. This result is unexpected, as Beilschmiedia is a largely tropical genus. Surprisingly, cooler winters during seed development (lag 1) led to higher seedfall. This suggests frosts had negligible impacts on fruit development either through reduced photosynthesis via leaf death (Kelly, 1987), or from direct damage to fruits, contrary to our expectations.

Higher rainfall was generally beneficial for seed production in tawa. Wetter conditions during the growth period at the beginning of the reproductive cycle (floral induction) had a positive effect on seedfall, which could indicate a positive effect on tree resource availability (Smaill et al., 2011). Similarly, wetter conditions during the year of seed development resulted in higher seedfall, which may reflect abortion of developing fruit in years of high water stress (Nussbaumer et al., 2020).

It is both remarkable and alarming that local climates have warmed enough to potentially suppress most seed production by one of Aotearoa-New Zealand’s most common trees across the warmer half of its natural range. Fortunately, tawa is not entirely reliant on production of seed to replace itself at a site. Tawa trees resprout from the base, so that once a site is occupied the trees can survive and regenerate vegetatively perhaps almost indefinitely (Knowles and Beveridge, 1982; Kelly, 1987). Moreover, tawa seedlings have the highest shade tolerance of any Aotearoa-New Zealand tree measured (Lusk et al., 2015) and germination is not impaired under parent conspecifics (Morales, 2015). Thus, seedling survival rates in mature forests may be sufficiently high such that 10 seeds/m2 is adequate for regeneration in this long-lived species. However, the loss of tawa seed affects not only tawa regeneration, but also animal fruit consumers and forest users (see below).



4.3. Implications for Tuawhenua

Our findings show that changes in Tuawhenua climate over the past century have contributed to the decline in tawa fruit abundance observed by elders of the Tuawhenua region.

Based on the results of our mechanistic seedfall-climate model, warming of around 1°C for summer and winter periods during the 20th century has been the major climate driver of reduced tawa seed abundance in Tuawhenua. These results are strongly aligned with observations by Tūhoe elders and forest users with regards to the timing of fruiting decline and climate related causes. Although not mentioning tawa specifically, elders interviewed by Lyver et al. (2008) reported that ground frosts and cold, clear weather were important for forest tree fruit setting and fruit development. In the same study, interviewees also noted that frosts have been reduced and occur later in the year since the 1980s, while forest tree phenology has become significantly altered (flowering earlier, declining crop sizes and more variable timing of fruiting). Consistent with these observations, the climate data for the Tuawhenua area used in our seedfall prediction model shows that a period of rapid winter warming began around 1980 and continues to the present day (Figure 5).

While our models indicate that warming winters are contributing to the reduced tawa seed crops observed by Tuawhenua elders and forest users, other mechanisms may also be important. Introduced brushtail possums became common in Te Urewera in the 1940s, and elders observed an increasing amount of damage to tree species during this time (Lyver et al., 2008). Possums have been recorded destroying 89.4% of green tawa fruit at a site in northern Te Urewera (Barraclough, 2006), and may also cause a reduction in tawa fruit production by browsing flowers and new shoots (Dickinson, 2021), potentially causing adult tree mortality in extreme cases (Cowan, 1990). However, any relationship between foliage browsing and seed production has not been experimentally tested. Taken together, it seems probable that a decline in tawa seed production observed by elders may reflect both a changing climate and the impacts of introduced mammalian herbivores.

Declining tawa seed/fruit production has both direct and indirect cascading effects for the Tūhoe community of the Tuawhenua region. Smaller, more irregular crops means that some cultural practices directly associated with tawa fruits are no longer being undertaken with the same frequency and are at risk of being lost. For example, the Tuawhenua people used to make a drink from tawa berries, which was often given to those that were nearing death. However, this cultural practice is no longer regularly undertaken because the palate for the beverage has changed, now that large fruit crops are not available as frequently to make it (P. Timoti pers comm.).

Declining tawa seed/fruit production may also indirectly affect Tuawhenua communities by impairing population recovery of kererū, an ecological and cultural keystone species for Tuawhenua (Timoti et al., 2017). Tūhoe aspire to return to a cultural harvest of kererū due to the practice’s immense importance to Tūhoe culture. Tuawhenua knowledge holders indicated that podocarp fruit, especially toromiro (Prumnopitys ferruginea) is an important food for fattening kererū in Tuawhenua forests (Lyver et al., 2008) during autumn and winter periods, prior to breeding. However, the condition of birds is dependent upon the initial fattening taking place when tawa fruit are available in austral summer months (December, January, February). Kererū fattening on tawa is often short-lived but critical to ensuring they are in optimal condition when toromiro fruit becomes available. Podocarp fruit are currently limited in the Tuawhenua region due to selective logging of large trees between 1950 and 1975, with poor regeneration of podocarpus since (Carswell et al., 2007). Consequently, there has been a competitive release of tawa, which now represents approximately 30% of the basal area in trees ≥10 cm diameter at breast height (Carswell et al., 2007). Thus, failure of tawa to produce large fruit crops is especially problematic for kererū population recovery due to the absence of complementary podocarp fruit. Combined with this resource scarcity, losses of kererū nests and adults to mammalian predation (Carpenter et al., 2021) could result in reproduction slipping below levels necessary to achieve population stability or growth. The once thriving presence of kererū, particularly the autumn mega-flocks of 100–500 birds per flock, has significantly declined in the Tuawhenua forests (Lyver et al., 2008). The reduced occurrence of kererū is a direct consequence of the forests’ current inability to sustain such large flocks, partly attributed to the decreased tawa seed production. This ecological shift not only alters the forest’s dynamics but also poses a profound challenge to the cultural identity of the local community.
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Trounson 10 9 1 1.85 1.28 2.24 0.296
Cascade 12 7 0 0.98 1.05 1.88 0.051
Otamatuna 23 22 18 17.1 13 1.89 0.507
Waipapa 54 46 12 2.73 1.17 2.36 0.224
Blue Duck 15 15 13 41.4 1.15 1.39 0.624
Pelorus 26 26 24 54.1 1.68 1.64 0.527

Site mean seed production and within-site synchrony (mean pairwise r). Ntotal lists total number of traps. N0 and N1 are the number of traps which caught at least one seed during the study,
and traps which averaged at least 1 seed per trap per year, respectively. Mean is the mean annual seed production. CVp and CVi are the coeflicients of variation of annual seedfall for the

population and the mean CV for individual traps, respectively. Synchrony is the mean correlation coefficient between pairs of traps within a site. Sites are arranged from north to south.
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Waipapa Trounson

Effect type | Lat + Year | Pelorus Bridge | Blue Duck Otamatuna
Marginal 0.10 0.26 0.20 0.17 0.05 022 0.03
Conditional 0.19 0.49 0.48 0.48 0.18 022 0.32

Marginal effect type values indicate variance explained by weather predictors only, and conditional values indicate variance explained by predictors and random effects together. P-values for

all regressions were <0.001. The Cascade single-site model did not converge.
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N trees Mean annual Mean annual Latitude S

temperature (°C) | rainfall (mm) | (decimal degrees)

Trounson 10 2009-2018 9 15.2 1619 35.72 270
Cascade 8 2013-2020 12 15.7 1771 36.88 110
Otamatuna 12 2009-2020 23 12.0 2279 38.33 640
Waipapa 11 2009-2019 54 12.3 1680 38.46 530
Pelorus Bridge 22 1986-90, 2004-20 10-24 13.7 1855 41.30 50
Blue Duck 17 2004-2020 10-15 11.9 1530 42.24 420

Rainfall and temperature means are calculated from HOTRUNZ data for 1986-2019, covering the span of the longest seedfall dataset. Both Pelorus and Blue Duck started with 10 trees, with
more added in 2004 and 2012, respectively.
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Predictor variable

Explanation

References

SummerTemp.lag3

Mean temperature during the austral summer (December to January) prior to flowering. In many
masting species, floral induction occurs during this period in response to a temperature cue.

Schauber et al., 2002; Kelly et al., 2013

SummerTemp.lag2

Covers the peak flowering period including fertilization, during which time temperature can

positively or negatively influence fertilization success and fruit set.

Smaill et al,, 2011

WinterTemp.lag2,
WinterTemp.lagl

Mean temperatures during the austral winter (June to August) prior to budbreak and during
immature fruit overwintering, respectively. Selected based on the high sensitivity of tawa to frosts,
which can cause severe bud and foliage damage, reducing resources for reproduction or reducing

number of potential flowers.

MacKenzie and Gadgil, 1973; Kelly, 1987

GrowRain.lag3

Total rainfall through the period of active radial growth for tawa (September to April) determined by
West (1986), selected to represent water availability during the expected period of floral induction.
Higher rainfall may increase nutrient mineralization or increase carbon uptake leading to larger
investment in reproduction.

Richardson et al., 2005; Smaill et al., 2011

AnnualRain.lagl

Calendar year (January to December) total rainfall which spans the long period of fruit development.

Water stress can lead to abortion of developing fruits.

Nussbaumer et al., 2020; Shen et al., 2020






