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We thank the reviewers for their valuable and useful comments on this manuscript. We believe 

that their suggestions will further improve our manuscript and we can address these comments in 

the revised manuscript. These comments are in line with the complexity of the problem this 

paper seeks to discuss, and we feel highlights the importance of the paper as a means of adding 

clarity on how hydrologic models change in the changing world we live in.  

Major changes in the revised manuscript are:  

1) Adding two additional figures (Figure 3 and 8) to illustrate differences between 

catchments that exhibit stationary or non-stationary behavior.  

2) Adding section 4.1 to assess changes in vegetation and water balance variables regime 

curves between catchments that exhibit stationary or non-stationary behavior. 

3) Determining the field significance level for regional trend analysis.  

4) Assessing the impact of catchment slope on non-stationary response. 

 

Please see below our response to each of the reviewers’ comment.   

 

Anonymous Referee #1 

This is an interesting study on the ongoing problem of understanding hydrological 

nonstationarity. I like the work, but I am unclear regarding the robustness of the results as 

discussed below. 

 

1. The introduction is well written. I wonder whether there are two other relevant links to be 

made here. (a) To work on streamflow elasticity (e.g. 

http://engineering.tufts.edu/cee/people/vogel/documents/climate-elasticty.pdf), and (b) 

on classification approaches trying to assess nonstationarity (e.g. http://www.hydrolearth- 

syst-sci.net/18/273/2014/). I think these two previous approaches might be interesting 

to connect with here since they both found that a lot of the variability in runoff 

ratio was difficult to explain and predict. 

We agree with the reviewer comment to provide a link between the streamflow elasticity 

approach and the methodology presented here in the revised manuscript. Indeed, normalized 

sensitivities of runoff ratio to precipitation and fractional vegetation cover in Figure 3a is 

indicative of elasticity of runoff ratio to changes in precipitation and fractional cover 

respectively, and this approach is similar to Zheng et al. (2009) for computing climate elasticity 

of streamflow.  

The methodology of Sawicz et al. (2014) to characterize changes in streamflow through 

catchment classification is interesting. However, the approach requires long term streamflow and 

climate data records to characterize hydrologic change. While these datasets are available for the 

Hydrologic Reference Stations in Australia, our methodology is limited by the availability of 

remotely sensed vegetation products. In the revised Introduction, we will incorporate Sawicz at 

al. (2014) approach to detect hydrologic change.   
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To incorporate the reviewer comment, the Introduction and Methods sections are revised as 

follows: 

Introduction: Sawicz et al. (2014) illustrated that changes in climate characteristics of catchments 

can mostly explain hydrologic change which was characterized by changes in groupings of 314 

catchments in the USA. Due to the lack of information, temporal changes in land use were not 

considered in characterizing hydrologic change in this approach. 

Section 2.2.3.: Normalized sensitivity of annual runoff ratio is equivalent to the stream flow 

elasticity approach of Zheng et al. (2009) that defined stream flow elasticity as the linear 

regression coefficient between the proportional changes in streamflow and a climatic variable 

(precipitation or potential evapotranspiration). 

2. Similarly, there has been a lot of work on trying to disaggregate the roles of vegetation, 

storage, energy and moisture on predicting runoff ratio using Budyko type frameworks, 

which I think also show that it is difficult to come up with simple explanations for 

reasons for nonstationarity - which I think is line with the results shown here. 

We agree with the reviewer comment that it is difficult to disaggregate the role of vegetation, 

climate and soil moisture on streamflow using the empirical methods such as the Budyko 

framework or the streamflow elasticity approach. Due to the two-way interactions between 

catchment water balance and vegetation dynamics, implementation of catchment scale 

ecohydrologic models is the next logical step to disaggregate the roles of various factors. 

Nevertheless, previous investigations on assessing climate elasticity of streamflow have shown 

that the degree of sensitivity of streamflow to various factors depends on the model structure and 

calibration approach (Sankarasubramanian et al., 2001). Therefore, further research on both data-

based and modeling approaches are required.  

To incorporate the reviewer comment, the following sentence is added to the Introduction: 

Similarly, assessing climate elasticity of stream flow has shown that the degree of sensitivity of 

stream flow to various factors depends on the model structure and calibration approach 

(Sankarasubramanian et al., 2001). 

3. In the results section (3.1) the authors state that variables increase, or decrease, or show trends. 

It would be good if they could quantify these a bit more, rather than just stating that the trends 

are statistically significant. Especially since the value of such significance tests is regularly 

questioned (e.g. http://onlinelibrary.wiley.com/doi/10.1002/esp.3618/abstract). 

 

We will provide additional information about changes in water balance variables and the rate of 

trends in the revised manuscript. The values of linear trend for precipitation, runoff ratio and 

fractional vegetation cover are also shown in Table 1.   

 

Results 3.1.: An increasing trend for runoff ratio in the East Baines River (0.009/yr) is consistent 

with annual precipitation increases (13.2 mm/yr). Moreover, this catchment has the smallest 

fractional vegetation cover (0.26) amongst the non-stationary catchments. The North Esk 

catchment in Tasmania is the only catchment amongst the catchments with non-stationary 

response in which runoff ratio declined despite increases in annual precipitation (6.4 mm/yr) 

http://onlinelibrary.wiley.com/doi/10.1002/esp.3618/abstract
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(Table 1). In the Tasmanian catchment, the increasing trend in fractional vegetation cover 

(0.009/yr) is significant and results in ET increase and subsequently lower runoff ratio during 

1984-2005 period. In the rest of the non-stationary catchments, total annual precipitation 

decreased between -1.9 mm/yr to -24.7 mm/yr in 1984-2005 period which is consistent with the 

decreasing trend in annual runoff ratio (-0.005/yr to -0.016/yr).  

 

To summarize changes in precipitation, fractional vegetation cover and runoff ratio for each 

catchment, the cumulative absolute differences between consecutive annual values of each 

variable are calculated and normalized by the total absolute difference. To illustrate differences 

between catchments with non-stationary and stationary hydrologic response, the mean and 

standard deviations of normalized cumulative differences are calculated for each group.  As it 

can be seen in Figure 3, normalized cumulative differences in annual precipitation and fractional 

vegetation cover between the catchments with non-stationary and stationary hydrologic response 

are very similar. However, large differences in the normalized cumulative differences of annual 

runoff ratio exist between the stationary and non-stationary catchments.   

 

To incorporate reviewer comment, we added the following paragraph to section 3.2:    

To explore differences between catchments with non-stationary or stationary behaviour, the 

cumulative absolute differences between consecutive annual values of precipitation, fractional 

vegetation cover and runoff ratio for each catchment are calculated and normalized by the total 

absolute difference. In Figure 3, the differences between catchments with non-stationary and 

stationary hydrologic response are illustrated by presenting the mean and standard deviations of 

normalized cumulative differences for each group. As can be seen in Figure 3, normalized 

cumulative differences in annual precipitation and fractional vegetation cover between the 

catchments with non-stationary and stationary hydrologic response are very similar. However, 

large differences in the normalized cumulative differences of annual runoff ratio exist between 

these catchments. The catchment area ranges from 18.7 to 5158 km
2
 in catchments with non-

stationary hydrologic response (Table 1). While increases in runoff ratio, P-Q and mean 

fractional vegetation cover with increases in mean catchment slope are observed in catchments 

with non-stationary hydrologic response, no distinct differences between catchments with 

stationary and non-stationary hydrologic response are observed. 

 

 
Figure 3: Mean normalized cumulative absolute differences in annual precipitation, fractional 

vegetation cover and runoff ratio between catchments with non-stationary (20 catchments) and 

stationary (146 catchments) hydrologic response. The shaded areas represent standard deviation.  
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We agree with the reviewer that the results of the trend analysis are impacted by defining the 

significance level. While we removed the impact of the start and end year on trend analysis and 

reduced the impact of autocorrelation on trend analysis, we will present the results of a bootstrap 

procedure introduced by Douglas et al. (2000) to compute the field significance of regional trend 

tests in the revised manuscript. In this approach, time series of runoff ratio for every catchment 

are resampled 10,000 times using the bootstrap approach. In the next step, the Kendall’s S is 

calculated for each bootstrap sample and the regional test statistics is calculated by averaging 

Kendall’s S for each iteration and computing non-exceedance probability using the Weibull 

plotting position formula. Finally, the CDF of regional test statistics is compared with the 

historical Kendall’s S calculated for each station using 1% significance level . Our preliminary 

analysis using the bootstrap approach provided similar results to that presented in the manuscript. 

Indeed, the field significance level obtained from the bootstrap samples is 0.0239 which is more 

relaxed than the p-value = 0.01 originally used in the manuscript. Using the new field 

significance level, 34 catchments will be classified as non-stationary.  

 

To address this comment in the manuscript, please see the response to comment 4.  

 
 

4. The main question I have relates to the fact that the authors largely focus on analysing the 20 

out of 166 catchments for which they saw nonstationarity in the response. While the subsequent 

analysis of those 20 is fine, I wonder what can be said about the 146 catchment where runoff 

ratio is not changing? For example, how many of the stationary catchments have experienced 

precipitation or vegetation or ET changes similar to the ones where runoff ratio changed? That 

would be a baseline analysis to see whether an interpretation of the causes of runoff ratio 

nonstationarity are robust. So my main question to the authors is whether they can demonstrate 

that the catchments not showing runoff ratio change have experienced changes that are 

smaller regarding the potential driving variables? 

We agree with the reviewer comment to provide a baseline analysis to show whether stationary 

catchments experienced similar changes in precipitation, runoff and vegetation compared to the 

catchments with non-stationary hydrologic response. To show these differences, we  

implemented the approach of Coopersmith et al. (2014) by developing regime curves based on 

daily runoff, precipitation and monthly fractional vegetation cover data for each catchment using 

pre-drought (1984-1996) and drought period (1997-2009) data. Our analysis shows that in some 

cases, large changes in the regime curves have been observed particularly in catchments with 
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non-stationary hydrologic response. To summarize the differences between the regime curves for 

pre-drought and drought periods, Nash Sutcliffe Efficiency (NSE) criterion is calculated. As can 

be seen in Figure 8, differences in daily precipitation and runoff and monthly fractional 

vegetation cover regime curves are much higher (indicated by negative NSE) in catchments with 

non-stationary hydrologic response than the catchments that do not exhibit non-stationary 

behavior.     

To address this comment, the following section is added to the Discussion section: 

4.1. Did catchments with non-stationary hydrologic response experience similar changes in 

vegetation and water balance variables? 

To explore whether HRS catchments are undergone similar changes during the period of 

analysis, regime curves based on daily runoff, precipitation and monthly fractional vegetation 

cover data for each catchment are developed using data from pre-drought (1984-1996) and 

drought period (1997-2009) (Coopersmith et al., 2014). Regime curves are obtained by 

averaging daily values of precipitation or runoff for a given day over the length of the data. As 

daily fractional vegetation cover data are not available, monthly values are used to develop the 

regime curves. To summarize the differences between the regime curves for the pre-drought and 

drought periods, Nash Sutcliffe Efficiency (NSE) criterion is calculated. As can be seen in Figure 

8, differences in daily precipitation and runoff and monthly fractional vegetation cover regime 

curves are much higher (indicated by negative NSE) in catchments with non-stationary 

hydrologic response than the catchments that do not exhibit non-stationary behavior. While the 

results of trend analysis are impacted by defining the significance level, the above analysis 

indicates that catchments with non-stationary behaviour have undergone larger changes. To 

further assess the impact of significance level on the results of the trend analysis, the approach of 

Douglas et al. (2000) for computing the field significance of regional trend tests are 

implemented. In this approach, time series of runoff ratio for every catchment are resampled 

10,000 times using the bootstrap approach. In the next step, the Kendall’s S is calculated for each 

bootstrap sample and the regional test statistics is calculated by averaging Kendall’s S for each 

iteration and computing non-exceedance probability using the Weibull plotting position formula. 

Finally, the CDF of regional test statistics is compared with the historical Kendall’s S calculated 

for each station using 1% significance level. Indeed, the field significance level obtained from 

the bootstrap samples is 0.0239 which is more relaxed than the p-value = 0.01 originally used. 

Using the new field significance level, 34 catchments are classified as non-stationary.  
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Figure 8: Box plots of NSE values calculated between the regime curves of pre-drought and 

drought periods in catchments with non-stationary (20 catchments) and stationary (146 

catchments) hydrologic response respectively. Changes in daily precipitation and runoff and 

monthly fractional vegetation cover were larger in catchments with non-stationary hydrologic 

response.  

 

Anonymous Referee #2 

I am very interested in the analysis and discussions about the different influences of vegetation 

cover and climate changes on runoff in the manuscript. But in my opinion, some analysis is 

unconvincing and some conclusion is arbitrary. So, I suggest the authors conduct further 

improvement on the manuscript. Major comments are given below. 

 

1. I suggest that the authors change the usage of “non-stationary catchment”. Significant 

increasing or decreasing doesn’t mean that the catchment is not stable. On the contrary, non-

significant trend also does not mean stationary.  

 

Thank you for providing this comment. The term “non-stationary catchment” is used for a matter 

of brevity in the manuscript. In some cases, we have used the term “catchments with non-

stationary hydrologic response” in the manuscript. We clarified the above usage further in the 

revised manuscript.  

 

For example, the following sentence in the abstract is revised as follows: 

Runoff ratio decreased across the catchments with non-stationary hydrologic response with the 

exception of one catchment in northern Australia. 

 

2. What I am most interested are figure 3 and figure 4. For figure 3b, the authors state that “In 

catchments with positive precipitation fractional vegetation cover relationships, fractional 

vegetation cover sensitivities decline with increases in annual precipitation across the 

catchments”. But I would argue that, fractional vegetation cover sensitivity increases 

significantly with increases in annual precipitation across the catchments when precipitation is 

smaller than 700 mm; Authors also concluded statement “Fractional vegetation cover sensitivity 

is highest in the xeric (arid) catchments with lower mean annual precipitation compared to the 

rest of the non-stationary catchments” from figure 3b. But I cannot see any direct index 
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reflecting “arid”. I would suggest that authors plot dFtot/dP against with PET/P in figure 3b, as 

well as in figure 4a.  

 

The purpose of this sentence is to state that “across catchments with positive precipitation 

fractional vegetation cover relationships, fractional vegetation coverage sensitivity approaches 

zero in catchments with higher mean annual precipitation”. However, as we replaced mean 

annual precipitation with the mean aridity index based on the reviewer comment, this statement 

is revised as follows:  

 

Section 3.3.: across catchments with positive precipitation-fractional vegetation cover 

relationships, fractional vegetation cover sensitivities approach zero in catchments with aridity 

index of 1.5. 

 

We incorporated the reviewer comment to show aridity-index with dFtot/dP in the revised 

manuscript and similarly for figure 5a. Catchment 18 and 7 have the largest aridity-index among 

catchments with non-stationary hydrologic response and are classified as semi-arid based on the 

UNEP classification.  

 

In the revised manuscript, we replaced xeric with “semi-arid”. 

Section 3.3: Fractional vegetation cover sensitivity is highest in the semi-arid catchments with 

lower mean annual precipitation compared to the rest of the catchments with non-stationary 

hydrologic response. In catchments with mean annual precipitation of 800 mm or higher (aridity 

index < 1.5), slopes of fractional vegetation cover to mean annual precipitation are zero or 

negative.  

 

 
Figure 4: a) Normalized sensitivities of runoff ratio (RR) to precipitation (P), water balance ET 

and fractional vegetation cover (Ftot), normalized sensitivities of annual: b) fractional vegetation 

cover to precipitation against catchments’ mean aridity index, c) fractional vegetation cover to 

Horton index (HI) against catchments’ mean Horton Index, and d) runoff ratio to fractional 
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vegetation cover against catchments’ mean fractional vegetation cover in catchments with non-

stationary hydrologic response. Data labels refer to the station identification number in Table 1. 

 

 
Figure 5. a) Normalized baseflow (B) sensitivities to annual precipitation (P) in each catchment 

with non-stationary hydrologic response against its mean aridity index (1984-2010), b) 

normalized annual fractional vegetation cover (Ftot) sensitivities to annual baseflow of each 

catchment with non-stationary hydrologic response against its mean baseflow index (1984-

2010). Data labels refer to the station identification number in Table 1. In general, annual 

baseflow sensitivities to mean annual precipitation decreases in wetter catchments (smaller 

aridity index). Positive sensitivities of fractional vegetation cover to baseflow decreases in 

catchments with higher baseflow index. Negative fractional vegetation cover sensitivities to 

baseflow become more negative in catchments with higher baseflow index indicating larger 

contribution of groundwater to stream flow.     

 

3. For figure 3c, the authors should point out: what ranges of HI values mean dry and what HI 

values mean wet? It is also interesting that in wet regions (low HI), vegetation cover increases 

when the climate becomes dryer (HI increases)? Authors should give reasonable explanations.  

 

In arid and semiarid catchments, quick flow constitutes most of the total streamflow (S is almost 

equal to total runoff in equation 3). Therefore, we expect HI to approach 1 in arid catchments.  In 

humid catchments, quick flow runoff is smaller than the total stream flow and HI is less than 1. 

In catchments with limited storage, HI is undefined (0/0) (Troch et al., 2009). We will clarify 

these ranges in the revised manuscript. Please see Troch et al. (2009) for additional details.  

 

In section 2.2.2 we added the following sentences to incorporate reviewer comment: 

In arid and semiarid catchments as quick flow constitutes most of the total stream flow, HI is 

approaching 1.  In humid catchments, quick flow runoff is smaller than the total stream flow and 

HI is less than 1. In catchments with limited storage, HI is undefined (0/0) (Troch et al., 2009). 

 

The second question is a very important point and it is a subject of further investigations to 

identify the exact cause of vegetation increase under dryer conditions in group B catchments. 

One plausible mechanism as discussed here and in an earlier paper by Brooks et al. (2011) is 

nutrient limitation as similar behavior is also observed in some of the MOPEX catchments 

located in the humid climate. In this paper, we hypothesize that nutrient, light and temperature 

limitations may contribute to the observed response. With limited data on sunshine hours, we 
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were able to show that in some of these catchments light limitation contributes to the observed 

pattern. However, no information about nutrient content is available to test this hypothesis. We 

also used various remote sensing datasets to make sure the observed pattern is not the artifact of 

remote sensing data. The next step is to use ecohydrologic models that can incorporate nutrient 

limitation in simulating carbon dynamics and vegetation growth.     

 

 4. For figure 3d, because high Ftot always locates in wet regions. So, according to figure 3d, in 

dryer regions (low Ftot), runoff coefficient always increases as vegetation cover increases? 

This is conflict with the conclusion that reforestation and forest growth usually significantly 

decrease the runoff in dry regions.  

To clarify this point, we refer to Figure 6b where interactions between precipitation-fractional 

vegetation cover and runoff ratio are outlined. As can be seen in Figure 6b, positive correlations 

between precipitation and fractional vegetation cover exist in water limited catchments (Group 

A). This means that higher precipitation increases productivity and Q/P. As can be seen in Figure 

4a and 4b of the revised manuscript, sensitivity of runoff ratio to fractional vegetation cover is 

positive in drier catchments (water limited catchments based on our classification). As period of 

higher productivity coincides with higher precipitation (positive precipitation-fractional 

vegetation cover relationship) in these catchments, runoff ratio increases in years with higher 

precipitation. It should be noted that the percentage of tree cover in these drier catchments are 

more than 60% with a few exceptions (Table S1, supplementary Information). In Group B 

catchments percent tree cover is higher than water limited catchments. Overall, mean annual 

runoff ratio and its variability (standard deviation) are smaller in drier catchments with smaller 

mean fractional vegetation cover (Figure 2). We clarified this point in the revised manuscript.  

 

Section 3.3: Across water limited catchments (positive runoff ratio-fractional vegetation cover 

relationship), runoff ratio’s sensitivities are smallest in catchments with the highest vegetation 

cover. As periods of higher productivity coincide with higher precipitation (positive 

precipitation-fractional vegetation cover relationship) in these catchments, runoff ratio increases 

in years with higher precipitation. It should be noted that the percentage of tree cover in these 

drier catchments are more than 60% with a few exceptions (Table S1, supplementary 

Information). Negative runoff ratio-fractional vegetation cover sensitivities become more 

negative in catchments with higher fractional vegetation cover. Overall, mean annual runoff ratio 

and its variability (standard deviation) are smaller in drier catchments with smaller mean 

fractional vegetation cover (Fig. 2). 

 

5. For figure 4b, the authors concluded that “: in catchments where groundwater constitutes 

significant component of stream flow, fractional vegetation cover exhibits smaller variability: : 

:”. I would also suggest that the authors used the ratio of base flow to total runoff to replace the 

mean based flow as the x axis. 

 

 We used baseflow index instead of mean baseflow in Figure 5b in the revised manuscript.  
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Figure 4. a) Normalized baseflow (B) sensitivities to annual precipitation (P) in each catchment 

with non-stationary hydrologic response against its mean aridity index (1984-2010), b) 

normalized annual fractional vegetation cover (Ftot) sensitivities to annual baseflow of each 

catchment with non-stationary hydrologic response against its mean baseflow index (1984-

2010). Data labels refer to the station identification number in Table 1. In general, annual 

baseflow sensitivities to mean annual precipitation decreases in wetter catchments (smaller 

aridity index). Positive sensitivities of fractional vegetation cover to baseflow decreases in 

catchments with higher baseflow index. Negative fractional vegetation cover sensitivities to 

baseflow become more negative in catchments with higher baseflow index indicating larger 

contribution of groundwater to stream flow.     

 

Section 3.3: …We used baseflow as a measure of catchment storage response to inter-annual 

precipitation variability. Baseflow’s sensitivities to mean annual aridity index are highest in drier 

catchments with non-stationary hydrologic response (Fig. 5a). Normalized fractional vegetation 

cover sensitivities to the baseflow decrease in catchments with higher annual baseflow index and 

even become negative at higher baseflow indices (Fig. 5b). This result suggests that in 

catchments where groundwater constitutes significant component of stream flow, fractional 

vegetation cover exhibits smaller variability to changes in baseflow as vegetation roots have 

access to deeper water storage for transpiration and have less sensitivity to changes in baseflow.  

 

6. The authors only analyze the vegetation cover besides climate factors. Former studies showed 

that catchment area and slope etc. are also very important factors, which might significant 

influences the changes of runoff to climate and vegetation cover changes. The areas of selected 

catchments ranges from 6.6 to 232846 km
2
, which might bring unexpected influences on the 

analysis about figure 3 and 4. That is also probably the reason while only 20/166 catchments 

showed significant trends in runoff coefficients. So I suggest the authors should consider other 

catchment factors and explain the underlying reasons.  

 

We explored the impact of slope and area to further investigate observed non-stationary 

hydrologic response.  The catchment area ranges from 18.7 to 5158 km
2
 in catchments with non-

stationary hydrologic response (Table 1). Therefore, catchment area is not a major factor causing 

non-stationary response. We also explored the relationships between mean catchment slope 

(using a 90 m Digital Elevation Model of Australia) and runoff ratio, water balance ET (P-Q), 

and annual fractional vegetation cover. While increases in runoff ratio, P-Q and mean fractional 

vegetation cover with increases in mean catchment slope are observed in catchments with non-
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stationary hydrologic response, no distinct differences between catchments with stationary and 

non-stationary response are observed. 

 
Top panel shows the relationships between mean catchment slope and runoff ratio, P-Q and 

mean fractional vegetation cover in catchments with non-stationary hydrologic response. The 

bottom panel shows the same relationships for catchments that do not exhibit non-stationary 

behavior. 

 

In section 3.2 of the revised manuscript, the following paragraph is added: 

 

The catchment area ranges from 18.7 to 5158 km
2
 in catchments with non-stationary hydrologic 

response (Table 1). While increases in runoff ratio, P-Q and mean fractional vegetation cover 

with increases in mean catchment slope are observed in catchments with non-stationary 

hydrologic response, no distinct differences between catchments with stationary and non-

stationary hydrologic response are observed. 

 

7. Lack specific data and method descriptions. For example, authors didn’t explain how ET and 

PET were calculated etc. 

 

Thank you for your comment. We included detailed descriptions of ET and PET computations in 

the revised manuscript.  

 

Section 2.1.: AWAP potential evapotranspiration is calculated based on the Priestley-Taylor 

equation (Raupach et al., 2009). 

 

Section 4.3: AWAP ET is based on daily transpiration and soil evaporation values obtained from 

the WaterDyn model that simulates terrestrial water balance across Australia at 5 km resolution. 
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Abstract. Increases in greenhouse gas concentrations are expected to impact the terrestrial hydrologic cycle through changes 

in radiative forcings and plant physiological and structural responses. Here we investigate the nature and frequency of non-

stationary hydrological response as evidenced through water balance studies over 166 anthropogenically unaffected 

catchments in Australia. Non-stationarity of hydrologic response is investigated through analysis of long term trend in 

annual runoff ratio (1984-2005). Results indicate that a significant trend (p < 0.01) in runoff ratio is evident in 20 catchments 20 

located in three main ecoregions of the continent. Runoff ratio decreased across the non-stationary catchments with non-

stationary hydrologic response with the exception of one catchment in northern Australia. Annual runoff ratio sensitivity to 

annual fractional vegetation cover was similar or greater than sensitivity to annual precipitation in most of the non-stationary 

catchments with non-stationary hydrologic response indicating vegetation impacts on stream flow. We use precipitation-

productivity relationships as the first order control for ecohydrologic catchment classification. Twelve out of 20 catchments 25 

present a positive precipitation-productivity relationship possibly enhanced by CO2 fertilization effect. In the remaining 

catchments, biogeochemical and edaphic factors may be impacting productivity. Results suggest vegetation dynamics should 

be considered in exploring causes of non-stationary hydrologic response.     

Keywords: non-stationarity, runoff ratio, catchment classification, vegetation productivity, ecohydrology 
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1 Introduction 

Increases in atmospheric CO2 concentration are impacting the terrestrial water cycle through changes in radiative forcings 

(affecting precipitation and temperature) as well as plant physiological and structural responses (Betts et al., 2007; Wigley 

and Jones, 1985). As a result, projections of future changes in water resources become complicated due to the tight coupling 

between the terrestrial biosphere and hydrologic cycle (Band et al., 1996; Baron et al., 2000; Gedney et al., 2006; Ivanov et 5 

al., 2008). There is a growing body of evidence showing that increases in CO2 often leads to decreases in leaf stomatal 

conductance (Field et al., 1995; Medlyn et al., 2001) and lower leaf-scale transpiration rates. However, the impact of 

reducing stomatal conductance on canopy-scale evapotranspiration (ET) and vegetation productivity (biomass and leaf area 

index (LAI) increases) is uncertain. In some ecosystems decline in leaf-scale ET rates increases soil available water 

(Leuzinger and KÖrner, 2010). At the canopy scale, leaf-scale decline of ET might be compensated by increases in plant 10 

productivity and changes in ecosystem structure in terms of increases in LAI and changes in species composition (Kergoat et 

al., 2002). Due to this “compensatory response”, the impact of elevated CO2 on catchment scale water balance is uncertain 

and expected to vary from region to region (Field et al., 1995; Kergoat et al., 2002). Moreover, terrestrial vegetation 

productivity is often limited by availability of nutrients, mostly nitrogen and phosphorous (Vitousek and Howarth, 1991), 

and light (Huxman et al., 2004; Schurr 2003) which further increases uncertainty of projecting terrestrial ecosystem response 15 

to climate change (Wieder, 2014).  

 

Understanding spatial and temporal variability of catchment scale water yield in relation to precipitation variability and 

ecosystem productivity is challenging as it requires long term observational records from unimpaired catchments. A plethora 

of modeling studies have been performed to predict the climate change impacts on vegetation productivity (Kergoat et al., 20 

2002; Leuzinger and KÖrner, 2010) and global runoff (Betts et al., 2007; Piao et al., 2007). However, projections depend on 

the underlying model assumptions and structure, process representation and scale of application (Medlyn et al., 2011). 

Similarly, assessing climate elasticity of stream flow has shown that the degree of sensitivity of stream flow to various 

factors depends on the model structure and calibration approach (Sankarasubramanian et al., 2001).  

 25 

Here we investigate the nature and frequency of non-stationary hydrologic response as evidenced through water balance 

studies over 166 anthropogenically unaffected catchments in Australia. Our assessment assumes the non-stationarity to 

manifest itself through the annual water balance, and more specifically, through the annual runoff ratio (Q/P). Our primary 

objective is to investigate first whether there is evidence for such non-stationarity in the runoff ratio, and if there is, what 

could explain its existence. 30 
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Non-stationarity of runoff ratio is caused by complex interactions between precipitation, climate variability, plant 

physiological and structural responses to elevated CO2 (Leuzinger and KÖrner, 2010; Chiew et al., 2014) and landscape 

characteristics (soil and topography) of a catchment. The question is whether patterns of similarities and differences across 

space and time exist as a result of these interactions to provide a framework for hydrologic prediction (Sivapalan et al., 

2011). Instead of assuming vegetation as a static component of the hydrologic system (Ivanov et al., 2008), catchment scale 5 

vegetation dynamics will be an integral component of this classification framework. Therefore, our secondary objective is to 

formulate a catchment classification framework based on catchment scale ecohydrologic response. This first order grouping 

of catchments helps to generalize catchment behaviour in terms of changes in runoff ratio and vegetation productivity due to 

changes in precipitation. Previous catchment classification efforts have mostly considered hydrologic signatures related to 

precipitation, temperature and stream flow (Sawicz et al., 2011; Wagener et al., 2007). Sawicz et al. (2014) illustrated that 10 

changes in climate characteristics of catchments can mostly explain hydrologic change which was characterized by changes 

in groupings of 314 catchments in the USA. Due to the lack of information, temporal changes in land use were not 

considered in characterizing hydrologic change in this approach. We argue that in the context of climate change and to 

improve hydrologic prediction under change (Sivapalan et al., 2011), developing a catchment classification framework that 

incorporates the role of vegetation dynamics on catchment scale water partitioning is required. This framework can inform 15 

future modeling experiments for determining the relative importance of contributing factors to non-stationary catchment 

response. 

 

An assessment of the non-stationarity of the runoff ratio across 166 anthropogenically unaffected catchments in Australia is 

presented next using long term ground and satellite-based observational records. 20 

 

2 Data and methods  

2.1 Data 

Daily stream discharge data are obtained from the Australian network of Hydrologic Reference Stations (HRS) that consists 

of 221 gauging stations (http://www.bom.gov.au/water/hrs/). Out of 221 catchments, 166 catchments have complete daily 25 

discharge time series covering the 1979 to 2010 period and these are the catchments used in the study (Fig. 1). The 

anthropogenically unaffected catchments cover a range of spatial scales with their areas ranging from 6.6 to 232,846 km
2
. 

Catchment averaged daily precipitation, actual and potential evapotranspiration, and temperature are obtained from the 

Australian Water Availability Project (AWAP) gridded time series products at 0.05° resolution (Raupach et al., 2009, 2012). 

AWAP potential evapotranspiration is calculated based on the Priestley-Taylor equation (Raupach et al., 2009). Monthly 30 

fraction of Photosynthetically Active Radiation (fPAR) absorbed by vegetation is obtained from Donohue et al. (2008) at 

http://www.bom.gov.au/water/hrs/
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0.08° resolution for the 1984-2010 period. Total fPAR (Ftot) values are approximately related to fractional vegetation cover 

and ranges between 0.0 (no vegetation cover) to 0.95 (maximum vegetation cover). The monthly F tot dataset version 5 are 

derived from the Advanced Very High Resolution Radiometer (AVHRR) sensor, and Ftot values were used as a measure of 

vegetation productivity in this study assuming energy use efficiency is constant (https://data.csiro.au). This dataset has been 

previously used to assess trends in vegetation cover across Australia (Donohue et al., 2009). 5 

 

2.2 Methods 

We used ground and satellite-based observations to detect and investigate causes of non-stationarity of runoff ratio across 

HRS catchments. Our methodology consists of: 1) detecting trends in annual runoff ratio, fractional vegetation cover, annual 

precipitation and precipitation seasonality indices at a catchment scale, 2) assessing long term (27 years) water balance 10 

patterns across all non-stationarycatchments with non-stationary hydrologic response using hydrologic indices such as the 

Horton index (Troch et al., 2009), 3) exploring annual runoff ratio’s sensitivities to water balance components and fractional 

vegetation cover at an individual catchment scale, and 4) formulating an ecohydrologic catchment classification framework.     

2.2.1 Non-parametric trend analysis to detect non-stationarity 

The modified Mann Kendall non-parametric test (Hamed and Rao, 198l; Kendall, 1970; Mann, 1945) that accounts for serial 15 

autocorrelation in the time series is performed to detect significant trends in annual runoff ratio at 0.01% significance level 

across the 166 HRS catchments. The first and last 5 years of data are removed from the record to reduce the impact of edge 

effect for trend analysis (1984-2005). Similar trend analysis is performed for annual precipitation and average fractional 

vegetation cover of each catchment.  

Changes in precipitation seasonality across non-stationary catchments with non-stationary hydrologic response are explored 20 

by assessing the trends in two measures of precipitation seasonality: the seasonality index (SI) (Walsh and Lawler, 1981) and 

days of a year at which the 10
th

, 25
th
, 50

th
, 75

th
 and 90

th
 percentiles of annual precipitation are reached (Pryor and Schoof, 

2008). The SI is calculated based on monthly precipitation values (Walsh and Lawler, 1981): 

𝐒𝐈 =  
𝟏

𝐏
∑ |𝐗𝐧 −

𝐏

𝟏𝟐
|𝟏𝟐

𝐧=𝟏     (1) 

Where P is annual precipitation and Xn is monthly total precipitation in month n. 25 

 

2.2.2 Hydrologic similarity across non-stationary catchments with non-stationary hydrologic response 

https://data.csiro.au/


5 

 

 

 

 

Similarity of ecohydrologic response across all catchments with non-stationary response is explored by examining the 

overall relationships of long term mean (1984-2010) annual fractional vegetation cover with annual runoff ratio, 

precipitation and the Horton index (Troch et al., 2009). Horton index, ratio of evapotranspiration to catchment wetting, 

presents efficiency of catchments in using plant available water and is reflective of water and energy availability in the 

catchment. Horton index ranges between 0 and 1, and incorporates the role of soil and topography in the catchment wetting 5 

(Brooks et al., 2011; Troch et al., 2009; Voepel et al., 2011). To estimate catchment averaged ET and wetting, the water 

balance equation (dS/dt = P – Q - ET) is used assuming that changes in annual storage (dS/dt) is zero.  

ET = P – Q                                       (2) 

 W = P – S,                                       (3) 

Where P is annual precipitation, Q is the total stream discharge, ET is annual actual evapotranspiration, W is catchment 10 

wetting, and S is the quick flow component of stream discharge. A one parameter recursive filter of Lyne and Hollick (1979) 

for base flow separation is used to estimate quick flow and base flow components of daily discharge.  

𝑏𝑘 = 𝑎 𝑏𝑘−1 + 
1−𝑎

2
(𝑄𝑘 + 𝑄𝑘−1)     (4)  

𝑆 = 𝑄 − 𝑏𝑘                                        (5) 

Where bk is base flow and a is the filter parameter and typically is set to 0.925 (Xu et al., 2012). In arid and semiarid 15 

catchments as quick flow constitutes most of the total stream flow, HI is approaching 1. In humid catchments, quick flow 

runoff is smaller than the total stream flow and HI is less than 1. In catchments with limited storage, HI is undefined (0/0) 

(Troch et al., 2009). Next, inter-annual variability of catchment scale ecohydrologic response is explored.  

 

2.2.3 Normalized sensitivities of annual runoff ratio to changes in water balance and vegetation 20 

Sensitivities of annual runoff ratio to inter-annual variability of precipitation, ET, and fractional vegetation cover in 1984-

2010 period are computed to identify factors that exert the largest sensitivity on annual runoff ratio. Normalized sensitivity 

of annual runoff ratio to precipitation is computed by estimating the slope of a linear regression between runoff ratio and 

precipitation, and multiplying it by the ratio of mean precipitation to runoff ratio (Fatichi and Ivanov, 2014; Hsu et al., 

2012). Similarly, normalized sensitivity of runoff ratio to water balance ET and annual fractional vegetation cover are also 25 

computed. Normalized sensitivity of annual runoff ratio is equivalent to the stream flow elasticity approach of Zheng et al. 

(2009) that defined stream flow elasticity as the linear regression coefficient between the proportional changes in stream 

flow and a climatic variable (precipitation or potential evapotranspiration). Results of these analyses are used as the basis for 

formulating an ecohydrologic catchment classification.   

 30 

3 Results  
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3.1 Non-stationary hydrologic response  

Results of the modified Mann-Kendall trend test across 166 catchments indicate that 20 catchments (areas range between 

18.7 to 2677 km
2
, Table 1) have significant decreasing trends in annual runoff ratio (p < 0.01) except for the East Baines 

River in northern Australia (Fig. 1). An increasing trend for runoff ratio in the East Baines River (0.009/yr) is consistent with 

annual precipitation increases (13.2 mm/yr). Moreover, this catchment has the smallest fractional vegetation cover (0.26) 5 

amongst the non-stationary catchments with non-stationary hydrologic response. The North Esk catchment in Tasmania is 

the only catchment amongst the catchments with non-stationary response in which runoff ratio declined despite increases in 

annual precipitation (6.4 mm/yr) (Table 1). In the Tasmanian catchment, the increasing trend in fractional vegetation cover 

(0.009/yr) is significant and results in ET increase and subsequently lower runoff ratio during 1984-2005 period. In the rest 

of the non-stationary catchments with non-stationary hydrologic response, total annual precipitation decreased between -1.9 10 

mm/yr to -24.7 mm/yr in 1984-2005 period which is consistent with the decreasing trend in annual runoff ratio (-0.005/yr to 

-0.016/yr). However, most catchments present an increasing trend in annual fractional vegetation cover with the exception of 

three catchments in the Eastern Australia Temperate forests (410705, 410761, and 412066). Tree is the dominant vegetation 

cover in all the non-stationary catchments with non-stationary hydrologic response except for the Avoca River at Coonooer 

(408200) and Mollison creek (405238) catchments in Victoria in which grasslands are dominant (Table S1). The question is 15 

what causes the increasing trends in annual fractional vegetation cover despite decreasing trends in annual precipitation of 

these catchments? 

 

Based on the mean seasonality index using data from 1984 to 2010 period, only two catchments exhibit a seasonal climate 

(0.6 < SI < 0.8) (Table S2). However, all catchments have some degree of rainfall seasonality (SI > 0.39) (Walsh and 20 

Lawler, 1981). Using the modified Mann-Kendall trend tests, no significant trends in the 1984-2005 SI values are observed 

in the non-stationary catchments with non-stationary hydrologic response (α=0.01%). Few significant trends in precipitation 

seasonality indices using the percentiles are observed in the non-stationary catchments with non-stationary hydrologic 

response including in catchments 410061, 410731, 405238 and 212260. In these catchments significant trend in the timing of 

the 25
th

 percentile are detected except for catchment 212260 where the trend was significant for the 50
th

 percentile. The 25 

seasonal shifts in precipitation can impact vegetation dynamics particularly when they occur between the growing and non-

growing seasons such as in catchment 410731. This result suggests that other factors besides precipitation are contributing to 

observed non-stationarity. Next, we explore hydrologic similarity across non-stationary catchments with non-stationary 

hydrologic response.  

 30 
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3.2 Long term patterns of hydrologic similarity across non-stationary catchments with non-stationary hydrologic 

response 

Long-term annual average dryness index (PET/P) (1984-2010) of the 166 study catchments illustrates presence of energy- 

and water-limited catchments in the region (Fig. S1). The North Esk catchment in Tasmania is the only energy-limited 

catchment amongst the catchments with non-stationary response. Across the non-stationary catchments with non-stationary 5 

hydrologic response increases in mean annual precipitation (1984-2010) increases mean annual fractional vegetation cover 

particularly in catchments with mean annual precipitation of less than 800mm (Fig. 2). After that, increases in F tot reach an 

asymptote with mean annual precipitation greater than 800. Similarly, runoff ratio and its variability increases due to 

precipitation increase particularly across catchments with mean annual precipitation of greater than 800 mm and mean 

annual fractional vegetation cover of greater than 0.7. The exception is the East Baines River in northern Australia which has 10 

the smallest fractional vegetation cover but has large variability in runoff ratio. In drier catchments, Horton index is close to 

1 and exhibits smaller variability compared to the wetter catchments.  

 

To explore differences between catchments with non-stationary or stationary behaviour, the cumulative absolute differences 

between consecutive annual values of precipitation, fractional vegetation cover and runoff ratio for each catchment are 15 

calculated and normalized by the total absolute difference. In Figure 3, the differences between catchments with non-

stationary and stationary hydrologic response are illustrated by presenting the mean and standard deviations of normalized 

cumulative differences for each group. As can be seen in Figure 3, normalized cumulative differences in annual precipitation 

and fractional vegetation cover between the catchments with non-stationary and stationary hydrologic response are very 

similar. However, large differences in the normalized cumulative differences of annual runoff ratio exist between these 20 

catchments. The catchment area ranges from 18.7 to 5158 km
2
 in catchments with non-stationary hydrologic response (Table 

1). While increases in runoff ratio, P-Q and mean fractional vegetation cover with increases in mean catchment slope are 

observed in catchments with non-stationary hydrologic response, no distinct differences between catchments with stationary 

and non-stationary hydrologic response are observed. 

 25 

Although, consistent patterns are observed in catchments’ ecohydrologic response due to differences in mean annual 

precipitation in catchments with non-stationary hydrologic response, characterizing catchment scale terrestrial ecosystem 

response to inter-annual precipitation variability is important for hydrologic predictions.  

 

3.3 Normalized sensitivities of annual runoff ratio at a catchment scale  30 
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Normalized sensitivity of annual runoff ratio to annual fractional vegetation cover, ET and precipitation, indicate greater 

sensitivity of runoff ratio to fractional vegetation cover than precipitation in most of the non-stationary catchments with non-

stationary hydrologic response (Fig. 3a4a). While runoff ratio’s sensitivities to precipitation are positive across all non-

stationary catchments with non-stationary hydrologic response, these sensitivities become negative in some catchments with 

increases in fractional vegetation cover. These results indicate the importance of incorporating vegetation dynamics in 5 

examining non-stationary hydrologic response.  

 

Normalized sensitivity of annual fractional vegetation cover to precipitation (Fatichi and Ivanov, 2014, Hsu et al., 2012) is 

plotted against mean aridity index (PET/P) annual precipitation (Fig. 3b4b). As can be seen in Figure 34(b), fractional 

vegetation cover presents both positive and negative sensitivities to precipitation inter-annual variability. In Across 10 

catchments with positive precipitation-fractional vegetation cover relationships, fractional vegetation cover sensitivities 

approach zero in decline with increases in annual precipitation across the catchments with aridity index of 1.5. Fractional 

vegetation cover sensitivity is highest in the xeric (semi-arid) catchments with lower mean annual precipitation compared to 

the rest of the non-stationary catchments with non-stationary hydrologic response. In catchments with mean annual 

precipitation of 800 mm or higher (aridity index < 1.5), slopes of fractional vegetation cover to mean annual precipitation are 15 

zero or negative. A negative slope indicates increases in fractional vegetation cover despite precipitation decrease.  

 

As vegetation productivity is controlled by plant available water (Brooks et al., 2011), fractional vegetation cover sensitivity 

to the Horton index is explored. Both positive and negative sensitivities between the fractional vegetation cover and Horton 

index are observed in non-stationary catchments with non-stationary hydrologic response (Fig. 3c4c). Positive sensitivities 20 

indicate increases in fractional vegetation cover as the Horton Index increases. As higher Horton index is indicative of a drier 

condition, removal of limiting factors like a nutrient limitation is the likely cause of fractional vegetation cover increase in 

these catchments (Brooks et al., 2011). In a few of these catchments, light limitation may decrease fractional vegetation 

cover in wet years (positive correlations of sunshine hours with fractional vegetation cover, Table S3). In catchments with 

negative Horton index-fractional vegetation cover sensitivities in which drier conditions decrease productivity, water 25 

availability is the primary factor in controlling vegetation growth. Annual runoff ratio’s sensitivity to fractional vegetation 

cover was similar to the Horton index but with the opposite sign (Fig. 3d4d). Across water limited catchments (positive 

runoff ratio-fractional vegetation cover relationship), runoff ratio’s sensitivities are smallest in catchments with the highest 

vegetation cover. As periods of higher productivity coincide with higher precipitation (positive precipitation-fractional 

vegetation cover relationship) in these catchments, runoff ratio increases in years with higher precipitation. It should be 30 

noted that the percentage of tree cover in these drier catchments are more than 60% with a few exceptions (Table S1, 
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supplementary Information). Negative runoff ratio-fractional vegetation cover sensitivities become more negative in 

catchments with higher fractional vegetation cover. Overall, mean annual runoff ratio and its variability (standard deviation) 

are smaller in drier catchments with smaller mean fractional vegetation cover (Fig. 2). 

 

We used baseflow as a measure of catchment storage response to inter-annual precipitation variability. Baseflow’s 5 

sensitivities to mean annual precipitation aridity index are highest in drier non-stationary catchments with non-stationary 

hydrologic response (Fig. 4a5a). Normalized fractional vegetation cover sensitivities to the baseflow decrease in catchments 

with higher annual baseflow index and even become negative at higher  mean baseflow indices s (Fig. 4b5b). This result 

suggests that in catchments where groundwater constitutes significant component of stream flow, fractional vegetation cover 

exhibits smaller variability to changes in baseflow as vegetation roots have access to deeper water storage for transpiration 10 

and have less sensitivity to changes in baseflow.  

 

Consistent patterns of fractional vegetation cover sensitivities to precipitation, baseflow, and Horton Index across non-

stationary catchments with non-stationary hydrologic response present two distinct catchment response behaviours. We 

hypothesize plausible mechanisms to describe the likely causes of fractional vegetation cover sensitivity to inter-annual 15 

precipitation variability in order to distinguish between alternate catchment ecohydrologic responses.   

 

3.4. Formulating catchment scale ecohydrologic response       

At the global scale precipitation is the main driver of vegetation productivity particularly in arid and semi-arid environments 

(Huxman et al., 2004). However, mean annual vegetation productivity becomes less sensitive to mean annual precipitation in 20 

humid environments (Schuur, 2003) as biogeochemical factors (nutrients, light, soil oxygen availability) or biotic factors 

(Yang et al., 2008) limit productivity (Fig. 5a6a). This is consistent with observed precipitation-fractional vegetation cover 

pattern across all the non-stationary catchments with non-stationary hydrologic response (Fig 2a.). At a catchment scale, 

catchments can be classified into two main groups based on the annual precipitation and vegetation productivity relationship. 

We hypothesize four plausible mechanisms to explain catchment scale ecohydrologic response to inter-annual climate 25 

variability in water and energy-limited environments (Fig. 5b6b).  

 

In group (A) catchments, a positive relationship between vegetation productivity and precipitation increases exists and can 

be either caused by 1) direct CO2 fertilization effect in which increases in CO2 enhances photosynthesis and increases LAI, 

and ET will increase due to precipitation and LAI increase (Fig. 5b 6b - class A1), or by 2) indirect CO2 fertilization effect in 30 

which increased CO2 gradient between the atmosphere and leaf enhances photosynthesis but LAI does not increase. 
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Therefore, reduction in the stomatal conductance reduces ET (Fig. 5b 6b - class A2) (Ainsworth and Long, 2005). In group 

(A) catchments, changes in runoff ratio depend on the hydroclimatic condition. In years where precipitation increase is 

higher than ET, increase in productivity is followed by increases in runoff ratio while in drier than average years increases in 

ET reduce the runoff ratio. It is expected that under future warming, CO2 increases will continue to increase productivity 

unless decreases in plant water availability limit plant growth, or changes in stomatal conductance, plant respiration rates 5 

(Wu et al., 2011), and nutrient availability impact productivity.  

 

In group (B) catchments, vegetation productivity decreases in response to annual precipitation increases. This negative 

feedback is most likely due to biogeochemical constraints such as light, nutrients, temperature and soil characteristics (Bai et 

al., 2005) despite changes in the stomatal conductance due to CO2 increases (Paruelo et al., 1999). In these catchments, 10 

productivity is likely constrained by the 1) nutrients (class B1) or 2) light availability (class B2). In catchments where 

increases in precipitation are followed by ET increases, nutrient limitation (Norby et al., 2010, Schuur, 2003) is the likely 

cause of decline in productivity (Fig 5b 6b - class B1). In B2 catchments light and other factors (anoxic conditions, 

temperature) limit productivity and decline ET despite increases in precipitation. As these catchments are in the wetter 

regions, nutrient limitation might be caused by increased nutrients leaching in wet soils (Schlesinger, 1997) or increases in 15 

nutrient-use efficiency due to water availability which subsequently leads to nutrient limitation (Paruelo et al., 1999). Similar 

to group (A), changes in runoff ratio depend on the catchment’s hydroclimatic condition. In these catchments future changes 

in vegetation productivity is likely dependent on the rate of nutrient mineralization (Brooks et al., 2011), nitrogen deposition 

and changes in disturbance regimes such as fire and drought. A flowchart illustrates how catchment classification is 

performed by computing Spearman rank correlations between two variables at each step (Fig. 5c6c).   20 

 

The prevalence of the four classes identified above, is presented using time series of annual precipitation, water balance 

derived ET and runoff ratio as well as catchment averaged fractional vegetation cover for the 1984-2010 period. Three 

constitutive relationships are established for every catchment at an annual scale between: 1) precipitation 2) runoff ratio and 

3) ET versus catchment averaged fractional vegetation cover. Catchment scale transpiration data are not available for this 25 

classification. According to these relationships and Spearman rank correlations, non-stationary catchments with non-

stationary hydrologic response are grouped in three classes (A1, B1 and B2, Fig. 1). None of the non-stationary catchments 

with non-stationary hydrologic response presented a relationship proposed for class A2 catchments. Figure 6 7 show 

Spearman rank correlation values for example catchments in each class.  

 30 
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As presented in Figure 1 and Table 2, 12 catchments are classified as class A1. The Spearman rank correlations between 

annual precipitation and fractional vegetation cover in class A1 catchments are positive and typically larger than class B1 

and B2 catchments, and in 8 out of 12 catchments the correlation is significant (p < 0.05). Only one catchment in class B1 

(total 3) has a significant negative correlation between precipitation and fractional vegetation cover.  

 5 

While data on catchment scale nutrient availability are not available, general ET-fractional vegetation cover relationships in 

group B catchments can be further explained by annual precipitation-temperature relationships. In wetter years despite lower 

vegetation cover, ET will likely increase due to higher water availability in warmer years in B1 catchments (positive 

precipitation-temperature correlations) (Table S3). In B2 class with negative precipitation-temperature relationships, cooler 

temperatures and light limitation decline ET. 10 

 

Groupings of all A1, and B1 and B2 catchments illustrate significant correlations for all three constitutive relationships of 

Figure 6 7 (p < 0.05, Table 2) in group A1 and group B catchments except between fractional vegetation cover and ET. 

Therefore, precipitation-fractional vegetation cover relationships present first order groupings of the catchments. Further 

distinction within a group is speculative as it depends on catchment derived annual ET.  15 

 

4 Discussions 

According to our analysis, catchments with non-stationary hydrologic response present three distinct behaviours as a result 

of inter-annual variability in catchment water balance and vegetation fractional cover. In the following, we discuss whether 

the proposed catchment classification is consistent once other measures or data are used.   20 

4.1. Did catchments with non-stationary hydrologic response experience similar changes in vegetation and water 

balance variables? 

To explore whether HRS catchments are undergone similar changes during the period of analysis, regime curves based on 

daily runoff, precipitation and monthly fractional vegetation cover data for each catchment are developed using data from 

pre-drought (1984-1996) and drought period (1997-2009) (Coopersmith et al., 2014). Regime curves are obtained by 25 

averaging daily values of precipitation or runoff for a given day over the length of the data. As daily fractional vegetation 

cover data are not available, monthly values are used to develop the regime curves. To summarize the differences between 

the regime curves for the pre-drought and drought periods, Nash Sutcliffe Efficiency (NSE) criterion is calculated. As can be 

seen in Figure 8, differences in daily precipitation and runoff and monthly fractional vegetation cover regime curves are 

much higher (indicated by negative NSE) in catchments with non-stationary hydrologic response than the catchments that do 30 

not exhibit non-stationary behaviour. While the results of trend analysis are impacted by defining the significance level, the 
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above analysis indicates that catchments with non-stationary behaviour have undergone larger changes. To further assess the 

impact of significance level on the results of the trend analysis, the approach of Douglas et al. (2000) for computing the field 

significance of regional trend tests are implemented. In this approach, time series of runoff ratio for every catchment are 

resampled 10,000 times using the bootstrap approach. In the next step, the Kendall’s S is calculated for each bootstrap 

sample and the regional test statistics is calculated by averaging Kendall’s S for each iteration and computing non-5 

exceedance probability using the Weibull plotting position formula. Finally, the CDF of regional test statistics is compared 

with the historical Kendall’s S calculated for each station using 1% significance level. Indeed, the field significance level 

obtained from the bootstrap samples is 0.0239 which is more relaxed than the p-value = 0.01 originally used. Using the new 

field significance level, 34 catchments are classified as non-stationary.  

  10 

4.1 2 Is the ecohydrologic catchment classification consistent across other measures? 

Positive precipitation-fractional vegetation cover relationships in class A1 catchments is consistent with positive normalized 

fractional vegetation cover’s sensitivities of individual catchments to annual precipitation (Fig. 3b 4b and S2) and indicate 

that water availability primarily controls fractional vegetation cover increase in A1 catchments. A positive Spearman rank 

correlation between the coefficient of variation (CV) of annual fractional vegetation cover and CV of annual precipitation (r 15 

= 0.34, p = 0.3) across all A1 catchments further confirms this conclusion (Yang et al., 2008).  

 

In group B catchments, negative normalized sensitivities of fractional vegetation cover to precipitation exist (Fig. 3b4b). 

This pattern is followed by a negative correlation between the CVs of these two factors across all group B catchments (r = -

0.71, p = 0.06) which highlights the role of biogeochemical factors in controlling productivity. Small or even negative 20 

sensitivities of vegetation cover to precipitation in group B might be due to the presence of perennial vegetation (shrubs and 

trees) as ecosystems with more perennial cover are less responsive to inter-annual precipitation variability (Jin and Goulden, 

2014).  

 

Our classification framework suggests that class A catchments are more sensitive to increases in CO2 concentrations than the 25 

class B catchments that are in the humid zone (P/PET > 0.65). This result is consistent with Ukkola et al. (2016) as they 

showed greater sensitivities of annual ET and NDVI to increases in CO2 concentrations in sub-humid and semi-arid 

catchments of Australia.   

 

4.2 3 Are the inferred classification patterns artefacts of remote sensing data and catchment scale ET?  30 
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To assess whether observed precipitation-productivity relationships are the artefacts of remote sensing data, two independent 

remote sensing vegetation products are used: Vegetation Optical Depth (VOD), and Enhanced vegetation index (EVI) (Huete 

et al., 2002; 2006). Global long-term (1988-2010) annual Vegetation Optical Depth (VOD) dataset from passive microwave 

satellites with 0.25º resolution (Liu et al., 2011) is related to water content of leaf and woody components of aboveground 

biomass (Liu et al., 2015), and is able to detect structural differences in areas with near-closed canopy. Spearman rank 5 

correlations between VOD and annual precipitation across group B catchments were negative and consistent with the results 

of AVHRR fractional vegetation cover data (Text S2, Table S4). Moreover, the Australia coverage of despiked EVI dataset 

(2001-2010) from the Moderate Resolution Imaging Spectroradiometer (MODIS) presented high correlations with Ftot data 

(2001-2010). Previous investigations have shown that EVI is more sensitive to net primary productivity compared to the 

normalized vegetation index (Huete et al., 2002; 2006). Analyses from these two independent datasets reduce uncertainty of 10 

identifying negative precipitation-productivity correlations at the catchment scale. However, further research is required to 

determine exact causes of the observed behaviour.     

 

Here, we assumed that changes in catchment storage at the annual scale are zero to compute annual water balance ET. 

However, this assumption is likely not correct in all years. Using AWAP actual annual ET similar relationships between 15 

fractional vegetation cover and annual ET are obtained except for three catchments in group B2 (Table 2). AWAP ET is 

based on daily transpiration and soil evaporation values obtained from the WaterDyn model that simulates terrestrial water 

balance across Australia at 5 km resolution (Raupach et al., 2009). In addition to inter-annual water storage carry over, inter-

annual non-structural carbon storage across years (a wet year can result in greater biomass/leaf area in the following year) 

can impact precipitation-vegetation relationships.  20 

 

4.3 4 Does precipitation-fractional vegetation cover relationship depend on the period of analysis? 

The period of analysis is limited to 1984-2010 in this study due to availability of AVHRR fractional vegetation cover data 

for Australia. To assess sensitivity of precipitation-fractional vegetation cover relationships to data length and catchment 

condition, these relationships are developed for two time periods: 1984-1996 and 1997-2009. It should be noted that 1997-25 

2009 corresponds to the millennium drought in Australia (Chiew et al., 2014). Results indicate similar precipitation-

fractional vegetation cover relationships to 1984-2010 in class A1 as well as in class B with a few exceptions (Fig. S2). 

Despite these exceptions, the drier conditions of 1997-2009 resulted in higher mean fractional vegetation covers in group B 

compared to 1984-1996 period consistent with the classification framework. Results suggest that the record length is 

important in catchments where productivity is limited by resources besides water availability.  30 
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5 Summary and conclusions 

We used precipitation-fractional vegetation cover relationships for first order groupings of catchment scale ecohydrologic 

response in 20 non-stationary catchments with non-stationary hydrologic response located in different hydroclimatic regions 

of Australia. Our results illustrate that fractional vegetation cover is more sensitive to increases in precipitation (stronger 

Spearman rank correlations) in class A1 catchments (12 catchments). This inference is consistent with the result of meta-5 

analysis of productivity response to precipitation across the globe (Wu et al., 2011). The drawback of using precipitation as 

the main driver of vegetation productivity is that the impact of confounding variables that co-vary with precipitation is 

ignored (Wu et al., 2011). Fractional vegetation cover sensitivity to precipitation and Horton index provided consistent 

results with our catchment classification framework except for two catchments. These catchments (408202, 410061) have 

smaller rank correlation between precipitation and fractional vegetation cover compared to the rest of class A1 catchments. 10 

Eight out of 20 non-stationary catchments with non-stationary hydrologic response present negative precipitation-fractional 

vegetation cover relationships impacted by nutrient or light availability.  

 

While, determining the exact causes of non-stationarity requires detailed modeling experiments, non-stationarity of runoff 

ratios could be attributed to changes in precipitation amount, intensity and seasonality, increases in air temperature and CO2 15 

concentrations (Chiew et al., 2014). The proposed framework provides a general guideline for projecting the likely changes 

in catchment water balance in response to climate change and designing simulation experiments. However, uncertainty still 

remains about the terrestrial ecosystem response as factors such as nutrients and light availability, vegetation developmental 

stage, space constraint and prevalence of pests may impact productivity (Körner, 2006). In addition, it is expected that 

frequency and duration of extreme events such as fire, drought and floods, will increase which can further alter ecosystem 20 

response and plant water availability (Medlyn et al., 2011).  
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Figure 1: Distribution of hydrologic reference stations across Australia. Coloured circles represent catchments with 

significant trend in annual runoff ratio. Colours represent catchment grouping based on the classification framework of 5 

Figure 56. The non-stationary catchments with non-stationary hydrologic response span over three significant ecoregions of 

the continent. Ecoregion boundaries are from the World Wildlife Fund (http://maps.tnc.org/gis_data.html). 
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Figure 2: Mean and standard deviation of catchment averaged a) annual fractional vegetation cover, and b) annual runoff 5 

ratio, against mean annual precipitation (P) in non-stationary catchments with non-stationary hydrologic response. c) mean 

and standard deviation of annual runoff ratio, and d) Horton Index versus catchment averaged annual fractional vegetation 

cover .  
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Figure 3: Mean normalized cumulative absolute differences in annual precipitation, fractional vegetation cover and 

runoff ratio between catchments with non-stationary (20 catchments) and stationary (146 catchments) hydrologic response. 

The shaded areas represent standard deviation.  
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Figure 34: a) Normalized sensitivities of runoff ratio (RR) to precipitation (P), water balance ET and fractional vegetation 

cover (Ftot), normalized sensitivities of annual: b) fractional vegetation cover to precipitation against catchments’ mean 
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annual precipitation aridity index, c) fractional vegetation cover to Horton index (HI) against catchments’ mean Horton 

Index, and d) runoff ratio to fractional vegetation cover against catchments’ mean fractional vegetation cover in non-

stationary catchments with non-stationary hydrologic response. Data labels refer to the station identification number in Table 

1. 
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Figure 45. a) Normalized baseflow (B) sensitivities to annual precipitation (P) in each non-stationary catchment with non-

stationary hydrologic response against its mean annual precipitation  aridity index (1984-2010), b) normalized annual 

fractional vegetation cover (Ftot) sensitivities to annual baseflow of each non-stationary catchment with non-stationary 

hydrologic response against its mean annual baseflow index (1984-2010). Data labels refer to the station identification 5 

number in Table 1. In general, annual baseflow sensitivities to mean annual precipitation decreases in wetter catchments 

(smaller aridity index). Positive sensitivities of fractional vegetation cover to baseflow decreases in catchments with higher 

annual baseflow index. Negative fractional vegetation cover sensitivities to baseflow become more negative in catchments 

with higher baseflow indexs indicating larger contribution of groundwater to stream flow.     
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Figure 56: a) Global pattern of annual productivity (Ftot) and mean annual precipitation relationship. While precipitation is 

the primary factor for vegetation growth in water limited sites, productivity reaches an asymptote in humid areas or 5 

decreases (e.g. tropical forests) with increases in precipitation due to biogeochemical or edaphic constraints. The grey region 

corresponds to catchments in which productivity is insensitive to inter-annual precipitation variability. b) A conceptual 

framework for characterizing changes in runoff ratio to changes in annual precipitation and vegetation productivity (Ftot) in 

relation to catchment’s hydroclimatic condition. In group (A) catchments a positive relationship between annual 

precipitation and productivity exists and annual ET changes in relation to productivity depend on the dominance of structural 10 

control (increases in LAI, class A1) versus physiological control (decreases in stomatal conductance, class A2) in controlling 

productivity. In group (B) catchments, an inverse relationship between precipitation and productivity exists and productivity 
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is likely constrained by biogeochemical factors. In B1 catchments, negative ET and productivity relation indicates 

productivity is likely controlled by nutrients availability as drier conditions induce nutrient mineralization. In B2 catchments, 

light availability and lower temperature reduce ET. In group (A) catchments, runoff ratio would increase as productivity 

increases while in group (B), runoff ratio will likely decrease with increasing productivity (decreases in precipitation). 

Depending on the dominance of limiting resource, precipitation-productivity may shift between the two regimes. c) The 5 

flowchart illustrates the classification procedure. The classification starts by assessing the correlations between annual 

precipitation and Ftot and then annual ET and Ftot in a catchment.  
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Figure 67: Relationships between catchment averaged annual fractional vegetation cover and annual precipitation (left), 5 

water balance derived annual ET (middle) and runoff ratio (right) against mean annual fractional vegetation cover (1984-

2010) across three catchments representative of each class in Figure 56. The Spearman rank correlation (r) and p-values are 

shown when correlation is significant. 
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Figure 8: Box plots of NSE values calculated between the regime curves of pre-drought and drought periods in catchments 

with non-stationary (20 catchments) and stationary (146 catchments) hydrologic response respectively. Changes in daily 

precipitation and runoff and monthly fractional vegetation cover were larger in catchments with non-stationary hydrologic 5 

response.  
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Table 1: Mean annual precipitation (P), discharge (Q), runoff ratio (Q/P) and fractional vegetation cover (F tot) of non-

stationary catchments with non-stationary hydrologic response during 1984-2005 period. Slopes of the trend lines obtained 

from a linear regression model fitted to each time series.    

Station 
Area 

(km
2
) 

Mean P Mean Q 
Mean 

Q/P 

Mean 

Ftot 

Slope of the trend 

(1984-2005) 

  
 

(mm) (mm) (-) 
 

Q/p P Ftot 

1. 212260 713 886.8 189.4 0.19 0.75 -0.013
*
 -13.3

*
 0.0052

*
 

2. 215002 1382.2 803.2 155.6 0.17 0.72 -0.012
*
 -15.5

*
 0.0041 

3. 215004 165.6 935.8 292.5 0.29 0.69 -0.011
*
 -15.6 0.0049 

4. 216004 95.7 1125.8 204.3 0.16 0.71 -0.010
*
 -24.7

*
 0.0048 

5. 218001 90.6 815.1 266.9 0.3 0.72 -0.016
*
 -10 0.0008 

6. 406214 237 580.3 45 0.07 0.54 -0.005
*
 -6.9 0.0018 

7. 408200 2677.3 508.5 6.5 0.01 0.48 -0.0008
*
 -6.4 0.0014 

8. 408202 82.6 605 48.1 0.07 0.7 -0.006
*
 -4.9 0.005 

9. 410061 146.1 1004 245.1 0.24 0.77 -0.008
*
 -10.5 0.0029

*
 

10.410705 508.6 744.8 65.1 0.08 0.64 -0.006
*
 -11.5 -0.002 

11.410731 671.6 897.8 84.9 0.09 0.64 -0.006
*
 -11.9 0.0003 

12.410734 563.7 816.4 93.6 0.1 0.67 -0.008
*
 -13.2

*
 0.0018 

13.410761 5158.3 742.2 56.7 0.07 0.59 -0.005
*
 -7.7 -0.0002 

14.412028 2630.7 778.6 97.2 0.11 0.69 -0.006
*
 -12 0.0007 

15.412066 1629.7 785.9 100.1 0.12 0.68 -0.008
*
 -12 -0.0002 

16.415207 304.5 645.7 52.2 0.07 0.66 -0.006
*
 -6.4 0.0013 

17.613146 18.7 1019.4 209.6 0.2 0.69 -0.006
*
 -1.9 0.0086

*
 

18.G8110004 2443.1 811.7 128.1 0.15 0.26 0.009
*
 13.2 0.0015 

19.318076 379.8 1156.9 383.3 0.33 0.7 -0.005
*
 6.4 0.0090

*
 

20.405238 164.1 734.5 112 0.14       0.64 -0.008
*
 -7.7 0.0035 

*
The trend

 
is significant at 0.01% using the modified Mann-Kendall trend test. 
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Table 2: Catchment properties and Spearman rank correlations (r) for non-stationary catchments with non-stationary 

hydrologic response in Australia. Data spans 1984-2010 period. Class categories refer to the catchment classification 

framework of Figure 56.   

Station 

Mean P 

(mm) 

Mean Q 

(mm) r1 r2 r2-AWAP r3 Class 

406214 579.7 42.8 0.41
*
 0.47

*
 0.43

*
 0.21 A1 

408200 501.2 5.9 0.65
*
 0.65

*
 0.47

*
 0.47

*
 A1 

408202 594.5 43.4 0.11 0.17 0.19 0.01 A1 

410705 734.9 58.1 0.61
*
 0.63

*
 0.70

*
 0.55

*
 A1 

410731 882.7 75.2 0.17 0.24 0.29 0.06 A1 

410761 729.6 51.0 0.45
*
 0.52

*
 0.47

*
 0.36 A1 

412028 762.1 84.8 0.47
*
 0.53

*
 0.40

*
 0.29 A1 

412066 774.4 88.9 0.55
*
 0.56

*
 0.41

*
 0.34 A1 

415207 632.5 46.8 0.25 0.17 0.22 0.29 A1 

G8110004 841.1 144.4 0.45
*
 0.23 0.41

*
 0.56

*
 A1 

410061 979.1 221.2 0.06 0.18 0.38 -0.09 A1 

405238 723.0 100.7 0.4
*
 0.4

*
 0.46

*
 0.29 A1 

215004 915.3 273.3 -0.42
*
 -0.12 -0.42

*
 -0.38

*
 B1 

216004 1099.5 179.0 -0.27 -0.01 -0.24 -0.39
*
 B1 

218001 807.5 246.6 -0.23 -0.07 -0.15 -0.16 B1 

212260 876.8 175.3 -0.30 0.20 -0.27 -0.53
*
 B2 

215002 789.3 136.7 -0.01 0.29 0.06 -0.13 B2 

410734 808.8 83.9 -0.03 0.17 0.2 -0.09 B2 

613146 990.1 188.3 -0.23 0.22 -0.39
*
 -0.65

*
 B2 

318076 1151.3 375.6 -0.01 0.29 -0.03 -0.46
*
 B2 

Class A1   0.34
*
 0.32

*
 0.41

*
 0.33

*
  

Class B1   -0.23
*
 0.008 -0.13 -0.28

*
  

Class B2   -0.09 0.11 0.14 -0.16  

Class B   -0.14
*
 0.07 0.04 -0.21

*
  

*
Correlation is significant (p < 0.05); r1: correlation between mean annual fractional vegetation cover and annual 

precipitation; r2: correlation between annual evapotranspiration (water balance approach) and mean annual fractional 5 
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vegetation cover; r2-AWAP: correlation between mean annual fractional vegetation cover and AWAP annual 

evapotranspiration; r3: correlation between annual runoff ratio (Q/P) and mean annual fractional vegetation cover.  

 

 


