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Abstract: In this study we examine the influence of climate (temperature and rainfall) on both flowering 
and budding, of E. leucoxylon and E. tricarpa from Victorian Forest Commission records and the field diaries 
of the Forest Overseer from Maryborough, Victoria between 1940 and 1962. Observations on the timing, 
quantity and distribution of flowering and budding of these species were collected on a monthly basis and 
placed into categories which had been pre-determined by the Commission. Flowering and budding intensity of 
both species were quantified by assigning a rank value producing a categorical time series (Table 1).  

Eucalyptus leucoxylon and E. 
tricarpa both had significant 
negative relationships at 2 and 4 
months with all temperature 
variants (minimum, maximum 
and mean temperature). 
Eucalyptus tricarpa was the only 
species for which rainfall had a 
significant, positive relationship 
with flowering at the 4 month 
scale. For E. leucoxylon the 
highest absolute value of wavelet 
correlation occurred between 
flowering and minimum 
temperature and for E. tricarpa 
with maximum temperature - 
significant at the 4 month scale. 
Level 4 profiles indicate a two 
year cycle in bud and flowering 
production.  

Significant wavelet cross-correlational (WCCORRs) relationships (P ≤ 0.0001) were found only between 
flowering and budding for rainfall at 4 months (wavelet scale, level 3) and at 2, 4 and 8 months (levels 2, 3 and 
4) for the temperature variants. WCCORRs reveal seasonal dynamics and lead/lag relationships of climate on 
both flowering and on budding. For E. leucoxylon peak budding based on imputed values aligns with the start 
month of flowering and occurs 3 to 4 months prior to peak flowering. For E. tricarpa budding reaches a peak 
the month prior to the commencement of flowering and 3 months prior to peak flowering. Wavelet cross-
correlations (WCCORRs) established the cyclical influence of climate on both peak flowering and budding; 
and of budding on flowering.  

For each species there are on average 6 months of the annual cycle in which minimum temperature and rainfall 
positively influence flowering and budding intensity and also 6 months of negative influence. The WCCORRs 
demonstrate that for both species temperature and rainfall do not act in concert on flowering nor on budding. 
Our results indicate temperature may be influencing bud development, not so rainfall, where temperature in 
turn influences flowering; also impacted by rain. This complex interplay between climate and budding on 
flowering needs further work with the examination of additional species, but, given that flowering is dependent 
on budding, our postulate makes sense.  
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Table 1. Terms for budding and flowering intensity and assigned 
value. 

Observation 
parameter 

Symbol Description 

Value 

Buds Flowers 

Quantity X No buds/No flowering 0 0 

  Very scattered or isolated* 0.5 0.5 

 L Light Crop/Flowering 1 1 

 M Medium Crop/Flowering 2 2 

 H Heavy Crop/Flowering 3 3 

Bud size 1 Small (recently formed) 1 N/A 

 2 Medium 2 N/A 

 3 Mature (ready to flower) 3 N/A 

Distribution  Isolated* 0.5 0.5 

 S Scattered 1 1 

  Fairly General* 1.5 1.5 
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1. INTRODUCTION  

To further our understanding of the influence of climate on say, flowering, it is important to understand the 
influence of previous phenological stages and the interaction between them as the timing of each phenophase 
is influenced by the previous (e.g. bud development rate influences the timing and quantity of flowering) 
(Keatley and Hudson, 1998; Post et al., 2008; Primack, 1987). In eucalypts, the development of buds often 
commences in a different season or, if in the same season, it can occur in different years (Dooley et al., 2010; 
Law et al., 2000; Murray and Lutze, 2004). Climate influences on budding may therefore be different to 
influences on flowering. The impact of climate on eucalypt budding has rarely been examined to date (Porter, 
1978; Semple and Koen, 2010). Recently Hudson and Keatley (2013) studied the influence of climate on 
budding, along with the effects of budding on flowering, as well as the interaction of current climate and current 
and past budding on flowering, via Generalised Additive Models for Location, Scale and Shape (GAMLSS) 
(Hudson et al., 2010, 2011b). In this present study we use wavelets to uncover the bivariate current and lagged 
cross-correlational status of climate on budding, of budding on flowering, and of climate on flowering. This 
work extends wavelets models to two phenophases in relation to climate of our species (Hudson et al., 2010).  

2. METHODS  

2.1. Phenological and climate data 

Records of budding and flowering of two eucalypt species (Eucalyptus leucoxylon and E. tricarpa) from the 
the field diaries of the Forest Overseer from Maryborough, Victoria between 1940 and 1962 were used in this 
study. Entries only cover this period. Observations on timing, quantity and distribution of flowering and 
budding of these species were collected on a monthly basis and placed into categories which had been pre-
determined by the Victorian Forest Commission. Flowering. Budding intensity of both species was quantified 
by assigning a rank value producing also a categorical time series (Table 1). Methods for defining flowering 
and budding behaviour (start, peak, finish and monthly intensity) are given in Hudson and Keatley (2013). 
Missing budding data was imputed using ‘mi’ in R (Su et al., 2011). Monthly minimum (MinT), maximum 
temperature (MaxT) and rainfall for the period 1936-1962 were provided by the Bureau of Meteorology. 
Monthly mean temperature was calculated from minimum and maximum temperatures. All temperatures are 
in Celsius.  

2.2. Analytic methods  

To analyse the flowering and budding profiles we used the discrete wavelet transform (DWT) and the maximal 
overlap DWT (MODWT) whereby the original time series, were constructed as an additive decomposition, 
known as a multiresolution analysis (MRA) (Gencay et al., 2001). Wavelet correlations and cross-correlations 
between both peak flowering intensity and budding, and with respect to the temperature variants and rainfall 
at different wavelet scales (1, 2, 4, 8, 16 and 32 months) were also examined. The DWT applied here, required 
a discretisation of the continuous time series variable, Yt to analyse and recover signals over a discrete set of 
scales, sampled at dyadic sequences (λj = 2j-1, j= 1, 2, 3, . .. ). The MODWT, a non-decimated variation of the 
DWT gave N wavelet coefficients for each scale (Whitcher et al., 2000). These scale MODWT coefficients 
were then used to examine the wavelet correlation and wavelet cross-correlation of the following sets of 
bivariate time series - budding with climate, flowering with budding, and flowering with climate. The wavelet 
cross-correlation provided the lead or lag relationship on a scale-by-scale basis, similar to conventional cross-
correlations, which determine lead/lag relationships of two time series. Lags up to 36 months were used. DWT 
and MODWT-MRA were obtained by the methods of Percival and Walden, (2000) and of Gencay et al., (2001).  

3. RESULTS 

3.1. Climate influences on budding 

The wavelet correlation between peak budding intensity and temperature variants (minimum (MinT) and 
maximum (MaxT)) at different wavelet levels or scales (1, 2, 4, 8, 16 and 32 months) were examined (Figure 
1). Significant (P < 0.05) wavelet correlations are those, where the upper (U) and lower (L) confidence limits 
are on the same side of the zero line. It can be seen that correlations at scale 2 and 3 (2 and 23-1 = 4 months) 
are significant (Figure 1). Budding is not significantly influenced by rainfall (Table 2). From Table 2 an inverse 
relationship between budding and both temperature variants is shown for both E. leucoxylon and E. tricarpa. 
This indicates a decrease in budding with increasing temperature for E. leucoxylon and an increase in budding 
with increasing temperature for E. tricarpa. This is in agreement with Hudson and Keatley (2013) who derived 
specific temperature thresholds for budding, showing that E. tricarpa buds are significantly (and positively) 
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related to higher minimum temperature (≥ 9oC), and for E. leucoxylon buds are negatively related to elevated 
maximum temperature (> 23oC)..  

 
 

Figure 1. Wavelet correlation of flowering with MinT: E. leucoxylon and E. tricarpa. 
 

Table 2. Wavelet (scale 3) correlation of peak budding intensity and climate variables (* signifies P< 0.05). 

 MeanT MinT MaxT Rainfall 
Period (months) 2 4 2 4 2 4 2 4 
Budding          

E. leucoxylon -0.30* -0.57* -0.26* -0.55* -0.31* -0.58* 0.09  0.27 

E. tricarpa  0.31*  0.53*  0.29*  0.57*  0.31*  0.51* 0.09 -0.15 

3.2. Budding influences on flowering  

Budding was recorded in all months. MODWT-MRA identified four subcomponents in both the flowering and 
budding series - characterised as a non-flowering/budding phase, a subcomponent delineating duration, annual 
and intensity cycles (not reported here). An inverse relationship between flowering and budding is shown 
between E. leucoxylon and E. tricarpa (Figure 2 and Table 3). For E. leucoxylon flowering increases 
significantly with increased budding intensity at the 1 and 2 month scales (Table 3). For E. tricarpa flowering 
decreases significantly with increased bud intensity at 1 and 4 months (Figure 2).  
 

 

Figure 2. Wavelet correlation of flowering with budding for E. leucoxylon (LHS) and E. tricarpa (RHS). 
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Table 3. Wavelet (scale 3) correlation of peak flowering intensity with peak budding (* signifies P< 0.05). 

Flowering Budding Budding Budding  Budding 

Period (months) 1 2 4 8 

E. leucoxylon  0.21*  0.27* 0.27 0.46 

E. tricarpa -0.19* -0.10 -0.38* 0.20 

3.3. Climate influences on flowering 

From Table 4 a similar relationship between flowering and climate exists for both E. leucoxylon and E. tricarpa, 
this is in agreement with Hudson et al., (2011a). For E. tricarpa both temperature variants have a significant 
negative relationship with flowering at the 2 and 4 month scales (Table 4). Eucalyptus tricarpa was the only 
species for which rainfall has a significant (and positive) relationship with flowering at the 4 month scale. This 
indicates that cooler, wetter periods lead to greater flowering intensity for E. tricarpa. Both temperature 
variants at 2 and 4 months (scales) were also significant and negative for E. leucoxylon’s flowering intensity.  

Table 4. Wavelet (scale 3) correlation of peak flowering intensity and climate variables (* signifies P< 0.05). 

Flowering MeanT MinT MaxT Rainfall 

Period (months) 2 4 2 4 2 4 2 4 
E. leucoxylon -0.45 -0.45* -0.48* -0.63* -0.42* -0.56* -0.06 0.26

E. tricarpa -0.31* -0.76* -0.31* -0.74* -0.30* -0.77* 0.12 0.34*

3.4. Wavelet cross-correlational analyses  

Level 3 and Level 4 Wavelet cross-correlation (WCCORR) of flowering with budding: WCCORRs between 
peak flowering and budding intensity were lagged from 0 and 36 months prior to the species-specific peak 
flowering month. An illustration of these level 3 and level 4 WCCORR profiles of flowering and of budding 
are given in Figure 3 for E. tricarpa. Level 3 highlights the agreement in the annual production of buds and 
annual flowering, whereas Level 4 indicates that there is also a biennial agreement in the production of buds 
and flowering. Although budding was recorded in all months, the more probable months for start, end and peak 
budding were identified (Table 5). The level 3 WCCORRs can be viewed as the highest absolute value of the 
WCCORRs, for lags either in the short term (≤ 6 months prior to peak flowering), or the long term (> 6 months) 
(Table 5).  

 

Figure 3. Levels 3 and 4 wavelet cross correlations of flowering and budding in E. tricarpa. 

 
Table 5. Wavelet cross correlation (scale 3) of peak flowering and budding intensity and climate variables  
(* signifies P< 0.05) MinT = minimum temperature 3; WCCORRs based on imputed values. 

Flowering Budding Flowering 

Species MinT Rainfall Species# MinT Rainfall Budding 

E. leucoxylon 

Peak: Aug/Sept 

Start: May 

End: Dec 

0.80* [-5] 

April 

-0.35* [-4] 

May 

E. leucoxylon 

Peak: May 

Start: Jan 

End: Dec 

-0.60* [-1] 

Apr 

0.23 [-1] 

Apr 

-0.60* [-4] 

May 

-0.77* [-11] 

Oct Δ = 6 

0.37* [-10] 

Nov Δ = 6 

0.56* [-7] 

Oct Δ = 6 

-0.26 [-6] 

Nov Δ = 5 

0.52* [-10] 

Nov Δ = 6 

E. tricarpa 

Peak: July 

Start: Apr 

End: Sept 

-0.77* [-1] 

June 

0.35* [-1] 

June 

E. tricarpa 

Peak: Mar 

Start: Dec 

End: Apr 

-0.66* [-5] 

Oct 

0.23 [-3] 

Dec 

-0.66* [-2] 

May 

0.77* [-7] 

Dec Δ = 6 

-0.43* [-7] 

Dec Δ = 6 

0.64* [-11] 

Apr Δ = 6 

-0.20 [-10] 

May Δ = 7 

0.54* [-8] 

Nov Δ = 6 
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Level 3 WCCORRs of budding with temperature and rainfall variables: WCCORRs between budding and 
climate is given in Table 5 for each species. The number of months at which either lag occurs prior to peak 
budding intensity, differs for each species (Table 5, Figure 4). Note that E. tricarpa’s short term lag of budding 
with minimum temperature is negative (-0.66) and occurs in October, 5 months prior to peak budding. The 
corresponding long term lag for E. tricarpa is positive (0.64) and 11 months before its peak budding in April 
(Table 5, Figure 4). Similarly E. leucoxylon’s short term lag of budding with minimum temperature is negative 
(-0.60) and occurs in April, 1 month prior to peak budding, with corresponding long term lag positive (0.56) at 
7 months before its peak budding (October, Table 5). Budding was not significantly impacted by rainfall. 

Level 3 WCCORRs of flowering with climate: WCCORRs between peak flowering intensity and the 
temperature variants and rainfall (Table 5) show that E. tricarpa’s short term lag of flowering with minimum 
temperature is negative (-0.77) and occurs in June, 1 month prior to peak flowering, with corresponding long 
term lag for E. tricarpa, positive (0.77) occurring 7 months before its peak flowering intensity in December 
(Table 5, Figure 4). For the same lagged months E. tricarpa’s flowering has the opposite relationship with 
rainfall, positive (0.35) 1 month prior to peak flowering, with corresponding long term lag negative (-0.43) at 
lag 7 months. The WCCORRs for E. leucoxylon’s flowering with climate is opposite to that of E. tricarpa; 
with the short term lag of flowering with minimum temperature being positive (0.80), occurring in April, 5 
months prior to peak flowering; with corresponding long term lag negative (-0.77) occurring 11 months before 
peak flowering in October (Table 5, Figure 4). The wavelet cross-correlation profiles show that for budding 
and flowering there is also a maximum positive and maximum negative cross-correlation, which occur 
approximately 6 months apart (see Figure 4 and the delta values (∆) in Table 5).  

  

Figure 4. Cross correlations of peak budding and flowering with minimum temperatures. 

4. DISCUSSION AND CONCLUSIONS  

Temperature variants (minimum and maximum) significantly influence budding and flowering at 2 and 4 
months with 4 months having a stronger influence in both species. For flowering, in both E. leucoxylon and E. 
tricarpa, this relationship is negative. In E. tricarpa maximum temperature, which usually occurs during the 
day, is just slightly more influential than minimum temperature. However, minimum temperature, which is 
usually associated with night time temperatures, has the greater influence on flowering in E. leucoxylon. 
Rainfall has a significant, positive relationship with flowering at the 4 month scale in E. tricarpa but the 
relationship for E. leucoxylon and rainfall was not significant. In budding the temperature variables at four 
months also have the stronger influence in both species; however, minimum temperature has the slightly greater 
influence in E. tricarpa and maximum temperature in E. leucoxylon. Rainfall does not have any significant 
influence on either species’ budding. As has been found with flowering, level 3 is identifying an annual cycle 
(Hudson et al., 2011a) in budding. Also, the strongest correlation seems to occur at 1 or 2 months before peak 
flowering. This agrees with Keatley and Hudson (2012) who found that a 2 month lag aligned with the start 
and finish of budding and flowering as well as their intensities.  

In the cross correlations between flowering and budding subcomponent, level 4 indicates a weak two year cycle 
in bud and flowering production. Singular spectrum analysis and wavelets methods have previously found a 
two year cycle in flowering in both species (Hudson and Keatley, 2010; Hudson et al., 2011a). These results 
indicate a 2 year cycle in bud production being carried through to a 2 year cycle in flowering intensity, which 
implies that enough buds have been produced to survive through to turning into flowers for a two year cycle. 
This has also been observed in the field for E. regnans (Ashton, 1975) and for E. viminalis (Dooley et al., 
2010).  

As has been noted previously, for these two species, the influence of temperature cycles throughout the year 
(Hudson et al., 2011a). This phenomenon has also been observed for flowering in other studies (Fitter et al., 
1995; Roberts, 2010; Sparks and Carey, 1995) but to date, to our knowledge, not shown for budding, 
Additionally, not all monthly temperatures are equal in their influence on flowering (and budding) and not all 
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months have been found to have warmed or cooled significantly (Amano et al., 2014; Keatley and Hudson, 
2007). This may in part explain the differing responses observed in phenological studies. It has also been noted 
that the influence of temperature in the northern temperate latitudes varies with seasonality of flowering. This 
means that, overall, the spring flowering species are more likely to be influenced by temperatures within three 
months prior to flowering (Fitter et al., 1995; Roberts, 2010; Sparks and Carey, 1995; Wolkovich et al., 2014), 
whereas for species which commence flowering later, are more likely to be influenced by temperatures three 
or more months prior (Fitter et al., 1995; Roberts, 2010; Sparks and Carey, 1995). Additionally, there appears 
to be a cut off when this temperature influence switches from an advance in flowering to a delay. A range of 4 
to 6 months prior to flowering has been indicated (Amano et al., 2014; Fitter et al., 1995) and is possibly more 
related to the response lag as defined by Amano et al., 2014 (i.e. the difference between the first flowering 
month and month most responsible for flowering time). A primary response lag is indicated in this study’s 
results (and previous examinations) of peak eucalypt flowering and climate interactions (Hudson and Keatley, 
2010; Hudson et al., 2011a) and budding. These species which both commence flowering in Autumn have 
different lags. In E. leucoxylon the strongest correlation occurs at 5 months and is positive indicating a delay 
in flowering, whereas E. tricarpa has a negative and short response lag of one month indicating earlier 
flowering from a warming climate. These responses are in line with the range indicated above. It seems that 
flowering in temperate species which have a small lag (i.e. influenced by temperatures within 2 months) 
respond to changes in temperature better (Amano et al., 2014; Wolkovich et al., 2014) - hence flowering in E. 
tricarpa should be more responsive to a changing climate than E. leucoxylon. However, in some climates 
rainfall is also a significant influence (Keatley and Hudson, 2007; Prieto et al., 2008). In both species rainfall 
has the opposite influence to temperature on flowering which implies some mitigation of the temperature 
influence. Additionally, flowering is only part of the reproductive cycle and its timing is influenced by budding 
(Hudson and Keatley, 2013; Keatley and Hudson, 1998; Primack, 1987). In the case of E. leucoxylon the 
influence of temperature (and rainfall, however, it is not significant) on budding is the opposite, but not quite 
as strong, to that of flowering. Additionally, the response lag of budding is also shorter by 4 months than that 
of flowering. This shorter lag of one month implies that budding in this species should be more able to respond 
a changing climate than E. tricarpa which has a response lag of 5 months. However, it seems that the influence 
of temperature (and rainfall) in budding underpins that of flowering in E. tricarpa.  

Overall, the wavelet (cross) correlations reflect the relationship of bud development and flowering in both 
species at this site. The positive relationship in E. leucoxylon illustrates that buds develop over time and 
continue to do so once flowering commences. Flowering occurs alongside bud development but the majority 
of flowers are produced later in the flowering period. This is supported by the flowering pattern being 
negatively skewed in E. leucoxylon (Keatley et al., 2004). Overall E. tricarpa buds develop prior to flowering 
and then once the buds are mature flowering occurs. The positively skewed flowering pattern in E. 
tricarpa indicates that the majority of flowers are produced earlier in the flowering period (Keatley et al., 
2004). 
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