
REVIEWER COMMENTS 

Reviewer #2 (Remarks to the Author): 

The question of whether warmer winters will reduce chilling accumulation (CA) and therefore delay 

spring phenology, even as heat requirement (HR) increases, has received some attention before. But 

overall, this phenomenon is not often considered in models of future plant performance. As such, I 

was interested in reading the manuscript. 

While the authors do a good job of demonstrating variation between chilling models and their 

predictions for spring phenology, everything in the paper is predicated on the negative relationship 

between CA and HR demonstrated in Figure 1. The concern though is that Figure 1 is a conceptual 

figure, showing one possible relationship between CA and HR. The authors state that the data 

supporting the generality of this Figure can be found in the SI. And while there is indeed a table in the 

SI listing studies (S1), nowhere does the table indicate the findings of the papers. These are instead 

summarized in Table S2, which lists the number of species in different groupings that show a negative 

CA-HR relationship. But this is far from adequate for building the argument on which the whole paper 

rests. What do those relationships look like? What are the slopes? And what about the 1/3 of the data 

that does not follow the "expected" relationship? I don't see how you can dismiss models that show a 

positive relationship between CA and HR when up to 1/3 of the data in the literature might show that 

same relationship. 

In the end, the paper is therefore a lot of modeling that shows that models differ, which we know. 

Without firmly basing the assumption in Figure 1 on quantitative data, the rest is an interesting 

exercise, but not a high impact paper. 

Reviewer #3 (Remarks to the Author): 

The authors present a manuscript synthesizing observational records of leaf-out and flowering of 

perennials plants across Europe to assess the relationship between spring phenology and winter 

temperatures. They argue that because of an average increase in air temperatures during winter the 

chilling requirement for plants are not regularly being met which could counteract the direct influence 

of spring warming on pushing leaf-out dates earlier. The evaluate the assumptions made in a range of 

“chilling models” to explore how these compare with observations of this phenomenon and find most 

do not accurately depict the observed negative relationship between accumulated chilling time and 

heat requirement. While this represents an interesting synthesis that would be of interest to the 

community, I found the justification for the main thrust of the manuscript a bit unclear or weak. I 

don’t doubt there are key takeaways from this work that are highly relevant to observational and 

process modeling efforts focused on understanding the role of climate on plant phenology and 

feedbacks, but some work is needed to strengthen the thrust of the manuscript and to help the reader 

better understand past examples and the authors contributions. For example, the authors cite several 

papers and describe the main relationship between chilling and heat requirement but never provided a 

clear example of this, showed the empirical evidence, or clearly justified the overall theory. It would 

have been helpful to provide this in addition to or instead of Figure 1, which I did not find all that 

supportive of the analysis. I would recommend editing the argument and justification to provide more 

strength to the analysis and more clearly illustrate the phenological paradigm they are presenting. 

Abstract: 

The first three sentences require a large leap that the statements are accurate without strong 

justification for them. The authors then report that most models for dormancy chilling are “invalid” but 

don’t adequately explain what exactly is meant by this statement, after which the rest of the abstract 



hinges on this core statement. 

Introduction 

The authors should be more specific about what is meant by “mid- to high-latitudes” 

The authors purport in their manuscript that winter warming has reduced chilling requirements, 

impacting spring phenology. However, it is not clear by their argument or the evidence that this is a 

universal trend in the mid- to high-latitudes? Does this generally reflect all longer-lived plants or are 

there cases where this paradigm does not fit the data? The authors state on line 59-62 that “at least 

95 perennials…” follow the negative relationship between chilling accumulation and heat requirement 

(CA-HR) and provide a table with species. How much of the European land mass do these species 

represent? They appear to be many of the key tree species. 

Not providing the various examples of the CA-HR relationship or the strengths of those relationships 

makes it rather difficult to assess how strong we would expect the modeled relationships to be. Does 

this vary by study, species, location? Can the authors provide examples of this relationship? Can this 

be provided independent from the models they are evaluating? 

What about acclimation in plants? How is this accounted for or could be accounted for in the CA-HR 

paradigm? 

The focus of the paper appears to hinge on a theory (CA-HR) proposed by a paper focused on a single 

evergreen needle-leaf tree species. Is this response general across perennials/plants? 

Results 

Why does Figure 1 only show the “non-linear” relationship when the authors argue there are both 

linear and non-linear responses, and the model examples all show the linear response? 

How does the observable impact the study and how is this accounted for in the modeling? That is, 

differences in defining spring phenology and the observed change, from flowering, to bud-burst, to 

leaf unfolding. 

How are uncertainties accounted for in the analysis? Are the data standardized by observer? 

How are the differences in when temperature accumulation begin accounted for in the analysis? Is this 

part of the evaluation of mis-match with the observations? Did the authors test both the basic 

assumptions of the models but also try to standardize between and test their functional form as well? 

Or was the evaluation strictly focused on comparing how the models were implemented in their 

respective studies? How many of these models are currently used in ecosystem or Earth system 

models? 

How are scale effects in the comparisons accounted for? Given the large grid size and non-uniform 

cover of plants and temperature in the grid cells, this could impact the relationships between models 

and data. 

Is it that surprising that the two most extreme RCPs also result in the largest change in spring 

phenology? 

Discussion 

I don’t follow the statements on lines 233-236. The authors state the observing the CA-HR 

relationship from reporting stations is dependent on the model used, but I had thought the authors 

were providing observations of this relationship to test models? How then are the correct relationships 

assessed if they depend on invalid models?
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Point to point response to reviewers 

Reviewer #2  

The question of whether warmer winters will reduce chilling accumulation (CA) and 

therefore delay spring phenology, even as heat requirement (HR) increases, has received 

some attention before. But overall, this phenomenon is not often considered in models of 

future plant performance. As such, I was interested in reading the manuscript. 

 

While the authors do a good job of demonstrating variation between chilling models and 

their predictions for spring phenology, everything in the paper is predicated on the 

negative relationship between CA and HR demonstrated in Figure 1. The concern though 

is that Figure 1 is a conceptual figure, showing one possible relationship between CA and 

HR. The authors state that the data supporting the generality of this Figure can be found 

in the SI. And while there is indeed a table in the SI listing studies (S1), nowhere does the 

table indicate the findings of the papers. These are instead summarized in Table S2, 

which lists the number of species in different groupings that show a negative CA-HR 

relationship. But this is far from adequate for building the argument on which the whole 

paper rests. What do those relationships look like? What are the slopes? And what about 

the 1/3 of the data that does not follow the "expected" relationship? I don't see how you 

can dismiss models that show a positive relationship between CA and HR when up to 1/3 

of the data in the literature might show that same relationship. 

 

In the end, the paper is therefore a lot of modeling that shows that models differ, which we 
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know. Without firmly basing the assumption in Figure 1 on quantitative data, the rest is an 

interesting exercise, but not a high impact paper. 

 

Response: Thank you for your very important and constructive comment. We agree with 

this suggestion, so we have now revised our study accordingly. In the revised manuscript, 

we added Supplementary Fig. 1 to provide empirical evidence of the negative relationship 

between chilling accumulation (CA) and heat requirement (HR) for ALL 95 species from 

previous studies. Except for 4 species, 91 (95.8%) perennials belonging to 46 genera 

followed the negative relationship. For some species, the original references did not report 

the curve but draw the conclusion that larger CA would decrease HR) with different slopes 

(linear or nonlinear). We therefore used “Negative relationship confirmed” (NRC) in those 

subfigures.  

From Supplementary Fig. 1, we can see that the negative correlation between CA and HR 

showed to be highly consistent among perennials, and this relationship is stable across 

studies, species, and locations. In the previous version, what we presented were that 2/3 

of 30 species investigated in our study had been studied before (to show the coverage of 

species), rather than that 1/3 of the data in the literature showed a different CA-HR (i.e., 

positive) relationship. In order to avoid misunderstanding by the readers, we have 

removed this expression in the revised manuscript.  
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Reviewer #3 

The authors present a manuscript synthesizing observational records of leaf-out and 

flowering of perennials plants across Europe to assess the relationship between spring 

phenology and winter temperatures. They argue that because of an average increase in 

air temperatures during winter the chilling requirement for plants are not regularly being 

met which could counteract the direct influence of spring warming on pushing leaf-out 

dates earlier. The evaluate the assumptions made in a range of “chilling models” to 

explore how these compare with observations of this phenomenon and find most do not 

accurately depict the observed negative relationship between accumulated chilling time 

and heat requirement. While this represents an interesting synthesis that would be of 

interest to the community, I found the justification for the main thrust of the manuscript a 

bit unclear or weak. I don’t doubt there are key takeaways from this work that are highly 

relevant to observational and process modeling efforts focused on understanding the role 

of climate on plant phenology and feedbacks, but some work is needed to strengthen the 

thrust of the manuscript and to help the reader better understand past examples and the 

authors contributions. For example, the authors cite several papers and describe the main 

relationship between chilling and heat requirement but never provided a clear example of 

this, showed the empirical evidence, or clearly justified the overall theory. It would have 

been helpful to provide this in addition to or instead of Figure 1, which I did not find all that 

supportive of the analysis. I would recommend editing the argument and justification to 

provide more strength to the analysis and more clearly illustrate the phenological 

paradigm they are presenting. 



4 

Response: Thank you for these positive comments. We have now revised the manuscript 

accordingly. We have added Supplementary Fig. 1 to provide empirical evidence of the 

negative relationship between chilling accumulation (CA) and heat requirement (HR) for 

95 species from previous studies. Except for 4 species, 91 (95.8%) perennials belonging 

to 46 genera followed the negative relationship with different slopes (linear or nonlinear), 

although for some species, the original references did not report the curve but only draw 

the conclusion that larger CA would decrease HR. The detailed subfigures from previous 

references in the new supplementary Figure 1 provide more strength to the analysis. 

 

Abstract: 

The first three sentences require a large leap that the statements are accurate without 

strong justification for them. The authors then report that most models for dormancy 

chilling are “invalid” but don’t adequately explain what exactly is meant by this statement, 

after which the rest of the abstract hinges on this core statement. 

 

Response: Yes, we did not give a clear meaning of ‘invalid’ here. We have now revised 

the Abstract following to solve this insightful concern. We have now clearly stated that the 

expected paradigm was a negative CA-HR relationship. More than half (7 of 12) of current 

chilling models are invalid since they showed a positive relationship between CA and HR 

(Line 26-30).  
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Introduction 

The authors should be more specific about what is meant by “mid- to high-latitudes”  

Response: We have now specified: areas north of 30°N (Line 38).  

 

The authors purport in their manuscript that winter warming has reduced chilling 

requirements, impacting spring phenology. However, it is not clear by their argument or 

the evidence that this is a universal trend in the mid- to high-latitudes? Does this generally 

reflect all longer-lived plants or are there cases where this paradigm does not fit the data? 

The authors state on line 59-62 that “at least 95 perennials…” follow the negative 

relationship between chilling accumulation and heat requirement (CA-HR) and provide a 

table with species. How much of the European land mass do these species represent? 

They appear to be many of the key tree species. Not providing the various examples of 

the CA-HR relationship or the strengths of those relationships makes it rather difficult to 

assess how strong we would expect the modeled relationships to be. Does this vary by 

study, species, location? Can the authors provide examples of this relationship? Can this 

be provided independent from the models they are evaluating? 

 

Response: As mentioned above, we have now added Supplementary Fig. 1 to provide 

empirical evidence of the negative relationship between chilling accumulation (CA) and 

heat requirement (HR) for 95 species from previous studies. Except for 4 species, 91 

(95.8%) perennials belonging to 46 genera followed the negative relationship. Thus, more 
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than 95% of studied species support the negative relationship between chilling 

accumulation and heat requirement (CA-HR), and these species involve the most 

dominant forest tree species in Europe (Supplementary Fig. 2).  

The negative correlation between CA and HR is thus common among perennials and 

stable across studies, species, and locations. This is a universal trend in the mid- to 

high-latitudes since this relationship has been found in the USA, Canada, European 

countries, and China (Supplementary Table 1). This relationship is partially independent 

of the models we are evaluating since previous studies used many chilling and forcing 

models (some are different from the models we are evaluating) to describe the CA-HR 

relationship. In Supplementary Fig. 1, the methods to measure CA include the number of 

chilling days in a specific temperature range during different periods, number of chilling 

hours, model C11 in this study. The methods to measure HR include growing degree days 

with a specific threshold temperature and various starting dates, growing degree hours, 

and days to budburst. These diverse approaches strengthen our confidence in the 

negative CA-HR relationship. 

 

What about acclimation in plants? How is this accounted for or could be accounted for in 

the CA-HR paradigm? 

 

Response: In this study, we did not consider the impact of acclimation. We agree with you 

that acclimation may alter the HR of plants. We suggest that the acclimation could be 

accounted for by using different slopes and interceptions to describe the CA-HR 
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relationship for individuals growing at different climatic stations. We compared the CA-HR 

relationship between low latitude (lower than 50.65 °N) and higher latitude (higher than 

50.65 °N) and did not found a significant difference in CA-HR relationship (Supplementary 

Fig. 16). Thus, we did not consider the impact of acclimation in this study (Line 247-253). 

 

 

Fig. 16 Relationship between chilling accumulation (CA) and heat requirement (HR) for 

leaf-out of Betula pendula at different latitudes. a, at latitudes lower than 50.65 °N. b, at 

latitude higher than 50.65 °C. The red line represents the linear regression line. *: p<0.01. 

 

The focus of the paper appears to hinge on a theory (CA-HR) proposed by a paper 

focused on a single evergreen needle-leaf tree species. Is this response general across 

perennials/plants? 

Response: The theory (CA-HR) has been proposed by surveying previous studies since 

the 1980s (Supplementary Table 1). We were unclear in the earlier version. In the revised 

paper, we cite Supplementary Table 1 rather than just one paper. As mentioned above 

and in supplementary Figure 1, this response is general across perennials/plants. 
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Results 

Why does Figure 1 only show the “non-linear” relationship when the authors argue there 

are both linear and non-linear responses, and the model examples all show the linear 

response? 

Response: Thank you for this comment. As shown in Supplementary Fig. 1, there are both 

linear and non-linear responses for previous studies, which may be partly caused by 

models, study time durations, and experimental designs. However, in our in-situ data, for 

all species, we found that data were better fitted by the linear regression than the 

exponential model (data shown in Figure 3). Therefore, we used the linear response for 

the comparison among models. 

 

How does the observable impact the study and how is this accounted for in the modeling? 

That is, differences in defining spring phenology and the observed change, from flowering, 

to bud-burst, to leaf unfolding. How are uncertainties accounted for in the analysis? Are 

the data standardized by observer? 

 

Response: Thank you for this important suggestion, and here are our clarifications that 

may help to alleviate concerns from observation. 

First, in the PEP725 data, the definition of spring phenology was constant. All 

phenological observation networks in Europe are following a guideline for phenological 

observations (Koch et al. 2009). The regional/national network partners then prepare the 
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data for submission to the PEP725 database curators. Dates are converted to 

day-of-the-year values and phenophase codes translated to the BBCH scale (Meier 2001). 

Please find a detailed introduction about the phenological data in Templ et al (2018). We 

have now added more detailed information about the dataset in the revised manuscript 

(Line 268-269). 

 

Second, we agree with you that within a year, the plant developmental stage will change 

from flowering to bud-burst, to leaf unfolding (or the other order). However, the 

phenological observers record these events separately with the respective definition. For 

example, BBCH 10, first leaves of coniferous tree separated; BBCH 11, first leaves of 

broadleaved trees unfolded; BBCH 60, first flowers open; and BBCH 69, end of flowering 

(Meier 2001). Thus, the observed change in phenology did not affect our results. 

 

Third, we used the original data and the observer did not standardize the data. In 

phenological studies, phenological data represent a specific date and is usually not 

standardized. For example, Menzel et al. 2006 concluded a clearly visible shift of most 

spring phases to earlier entry dates since 1951 in Europe based on the same database 

used in our study (not standardized). The most important reason is that standardization 

will not affect the interannual variability for the CA-HR relationship, and therefore, these 

data have been extensively used recently in such long temporal analyses. Other 

examples using the raw PEP725 data include Guan 2014; Piao et al 2015, Fu et al. 2015, 

and many others. 
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Finally, the uncertainties of the CA-HR relationship were estimated by using the 95% 

confidence interval for slope and interception of the linear regression model. Please see 

the shaded area of the linear regression line in Fig.3. 
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How are the differences in when temperature accumulation begin accounted for in the 

analysis? Is this part of the evaluation of mis-match with the observations? Did the 

authors test both the basic assumptions of the models but also try to standardize between 

and test their functional form as well? Or was the evaluation strictly focused on comparing 

how the models were implemented in their respective studies? How many of these models 

are currently used in ecosystem or Earth system models? 

 

Response: Thank you for these important questions. Here are our detailed explanations. 

(1) In order to test any potential difference caused by the date when temperature 

accumulation begins, we compared 1 January with the other two starting dates of 

temperature accumulation, all of which were commonly used by the scientific community. 

As a result, Supplementary Fig. 9 was added in the revised manuscript. Compared to 

temperature accumulated since 1 January, the later starting date (15 January and 1 

February) would result in less heat requirement (HR) (see the example of Betula pendula 

in Supplementary Fig. 9), especially for areas with a warmer winter (mean temperature >0℃ 

in January). However, the correlation between HRs based on different starting date was 

significant (Supplementary Fig. 9a, b). Although the starting date of heat accumulation 

altered the slope of HR against CA (Supplementary Fig. 9c), the significantly negative 

correlation between HR and CA still remained (Line 158-163).   
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Supplementary Fig. 9 | Comparison between heat requirement (HR) for leaf-out of Betula 

pendula based on different starting dates of temperature accumulation. HR was 

calculated based on a commonly used forcing model (integrating daily mean 

temperatures >0 °C). a, HR accumulated from 1 January vs. from 15 January; b, HR 

accumulated from 1 January vs. from 1 February; c, chilling accumulation(CA)-HR 

relationship for different starting dates of temperature accumulation. CA was calculated 

based on model C1 accumulated from 1 November in the previous year to the leaf-out 

date. The linear regression lines are shown. *: P<0.01. 

 

(2) We did not try to standardize between and test the functional form of models. We used 

the basic assumptions of the models and their original functional forms and then focused 

on comparing the performances of each model on simulating the CA-HR relationship 

based on our observation data. As explained in the last comment, this way is acceptable, 
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especially when considering that there might not to have a universal form for all these 

models. 

 

(3) A previous study (Richardson et al, 2012) summarized phenological models currently 

used in ecosystem models or terrestrial biosphere models (see the table below). The 

results showed that many terrestrial biosphere models only consider the growing degree 

days (e.g., model F1 and F2 in this study) to predict leaf onset date and only one model 

(ORCHIDEE) considers the effect of chilling (model C1 in this study). This shows that at 

least currently, the CR-HR has not been well represented in ecosystem models, so our 

modeling efforts could timely provide the basis for a better representation of vegetation 

phenology in terrestrial biosphere models. We have now added this information into the 

Methods section (Line 413-418). 

 

The table in [Richardson A D, Anderson R S, Arain M A, et al. Terrestrial biosphere 

models need better representation of vegetation phenology: results from the North 

American Carbon Program Site Synthesis. Global Change Biology, 2012, 18(2): 566-584.] 

summarized terrestrial biosphere models and their representation of phenology and 

seasonality of leaf area index (LAI). 
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How are scale effects in the comparisons accounted for? Given the large grid size and 

non-uniform cover of plants and temperature in the grid cells, this could impact the 

relationships between models and data. 

Response: In order to assess the scale effect caused by the large grid size of E-OBS data 

set (about 10km) and the non-uniform cover of plants and temperature in the grid cells, we 

have added a new climate data into the analysis. We have compared the HR and CA 

based on the E-OBS data set and a station-based Global Historical Climatology Network 

(GHCN) data set. We only retained the phenological stations where a corresponding 

meteorological station (distance and altitude difference less than 5 km and 100 m) existed 

in the GHCN data set and compared the HR, CA, and their relationship.  

We give an example of Betula pendula in Supplementary Fig. 8. The results showed 

that CA or HR calculated by these two datasets were significantly correlated with R2>0.9 
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(P<0.01). The CA-HR relationship is stable among two dataset: y=-2.81+718.0 (E-OBS) 

vs. y=-2.98+768.4 (GHCN). Thus, the scale effect did not affect the relationship between 

CA and HR (Line 152-157). 

 

 

Supplementary Fig. 8 | Comparison between chilling accumulation (CA) and heat 

requirement (HR) for leaf-out of Betula pendula based on two temperature dataset. CA 

was calculated based on model C1 accumulated from 1 November in the previous year to 

the leaf-out date. HR was calculated based on a commonly used forcing model 

(integrating daily mean temperatures >0 °C from 1 January to leaf-out date). The CA and 

HR in corresponding grid cells of E-OBS data and at corresponding stations of GHCN 

data are compared. a, CA between two datasets; b, HR between two datasets; c, CA-HR 

relationship for E-OBS data; d, CA-HR relationship for GHCN data. Root-mean-square 
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error (RMSE) between the two datasets is shown. Also, the linear regression line and its 

R2 are shown (in red). *: P<0.01.  

 

Is it that surprising that the two most extreme RCPs also result in the largest change in 

spring phenology? 

Response: Emissions in RCP 4.5 peak around 2040, then decline, while in RCP 8.5 

emissions continue to rise throughout the 21st century. As a result, the predicted winter 

and spring mean temperature continues to increase from 2020 to 2060, and then remain 

stable under RCP 4.5 but continuously increase in RCP 8.5 (Supplementary Fig. 14). The 

phenological change matched the warming trends of two climate scenarios. For example, 

the spring phenological advance stopped from 2060 in RCP 4.5 (Fig. 4a). Given that 

warming controlled the spring phenology, both RCPs will cause large changes in spring 

phenology before 2060, and even larger at RCP 8.5 (Fig 4 c and d). This is thus 

reasonable and worth characterizing to have the wide range of scenarios considered. 
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Supplementary Fig. 14 | Temperature change in Europe from 2012 to 2099. For the past 

period, temperature data is from the E-OBS data. For future climatic data (2019-2099), we 

used the data simulated by the HADGEM2-ES model. The temperature during the chilling 

period is averaged from the previous 1 November to 31 January, while the temperature 

during the forcing period is averaged from 1 February to 31 May. The bold lines show the 

result of the 11-year moving average. 

 

Discussion 

I don’t follow the statements on lines 233-236. The authors state the observing the CA-HR 

relationship from reporting stations is dependent on the model used, but I had thought the 

authors were providing observations of this relationship to test models? How then are the 

correct relationships assessed if they depend on invalid models? 

Response: We expressed inaccurately here in the original version. We have now clarified 

that as Supplementary Fig.1 shows, the negative correlation between CA and HR is 

common among perennials and stable across studies, species, and locations. The results 

of these studies are partly independent of the models we are evaluating since they use 

various methods (some methods are different from our models) to assess the CA-HR 

relationship in Europe, North America, and Asia and draw a consistent conclusion. Thus, 

we remove the inaccurate expression in the revised manuscript. 



REVIEWERS' COMMENTS: 

Reviewer #3 (Remarks to the Author): 

I have reviewed the revised manuscript and have found all of my previous concerns have been 

thoroughly addressed. I very much appreciate all of the work that the authors put into this revision. 

The paper is much clearer and as a result provides much stronger support for the authors main 

argument, that there is an urgent need to address the representation of phenological modeling, in this 

case specifically chilling models.



Point-by-point response to issues raised by referees 

Reviewer #3 (Remarks to the Author): 

 

I have reviewed the revised manuscript and have found all of my previous concerns 

have been thoroughly addressed. I very much appreciate all of the work that the 

authors put into this revision. The paper is much clearer and as a result provides 

much stronger support for the authors main argument, that there is an urgent need 

to address the representation of phenological modeling, in this case specifically 

chilling models. 

 

Response: Because the reviewer has no further comments, we only respond to the 

editorial requests. 

 


