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Reply to Referee # 1  

Comment #1: This is an interesting modelling study examining how dryland 

ecosystem carbon fluxes respond to precipitation anomalies arriving at interannual 

and interdecadal time scales. Results are unsurprising but make a few valuable points 

about the nonlinearities (thresholds and filters) in carbon flux responses to wet and 

dry events. Findings are heavily dependent on the model’s approach. Interpretations 

need to be revisited in a few places. The writing needs to be improved. Insights 

regarding mechanisms get disappointingly little attention in terms of quantitative 

analysis. But overall this paper makes a useful contribution. 

Re:  Thanks to the reviewer for considering our modelling study interesting and for 

providing several constructive comments. We reply to each of your 

comments/suggestions in the following.  

 

Comment #2: Line 121: If the third question is to identify the mechanisms that are 

responsible for legacy effects, why then do you make an assumption that allows only 

a single answer? The methods chosen do not seem to allow for you to identify the 

mechanisms responsible. Instead, the mechanisms are hard-wired into the PALS, 

pulse-reserve modeling framework that has been adopted, so there is no real discovery 

to be had. 

Re: We agree with the reviewer that the mechanisms that are responsible for the 

modeled legacy dynamics are already built in the model.  We deleted the third 

question.  

 

Comment #3: Section 2.3: Calibration / Validation makes incomplete and weak use 

of the data: The approach for model cal/val should be improved with cross-validation 

and bootstrapping. Fit the model (calibrate it) many times with different subsamples 

of the observations and then select model parameters based on the best-fit results from 

validation with the remaining observations. 

Re:  The reviewer suggests a more rigorous way of model calibration and validation.  

However, the PALS model we used is written in the STELLA platform, which hinders 

us from making the automated model runs necessary to complete this type of model 

calibration.  We therefore calibrated the model within the platform by adjusting some 

of the key parameters such as photosynthate allocation ratios, death rates of plant 

organs, and decomposition coefficients of litter and soil organic matter to reach the 

best fit between the simulated and observed fluxes.  

 

Comment #4: Mechanisms are not deeply explored and evidenced, which is 

especially disappointing given that this is a modeling study in which case you know 

everything and how everything works. A revision should seek to give more attention 

to exposing the specific mechanisms that give rise to the reported dynamics. 

Re:  We have revised the explanations for the modeled legacy dynamics in the 

discussion section 4.2 (lines 476-555). We hope these revisions would be helpful in 

understanding our work.  
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Comment #5: Line 59: “the savanna ecosystem” , clarify which or where... certainly 

not all globally? 

Re:  The mesquite savanna ecosystem is located on the Santa Rita Experimental 

Range (SRER), 45 km south of Tucson, AZ, UAS. The grassland ecosystem is located 

on the Walnut Gulch Experimental Watershed (WGEW), 11 km east of Tombstone, 

Arizona, USA. We have clarified that there is one ecosystem (a savanna and a 

grassland) in each of the two study (Scott et al. 2009 and Hamerlynck et al. 2013), 

and both of them are located in southeastern Arizona, USA.  

 

Comment # 6: Line 64: consider examining Williams et al. 2006, which does explore 

legacies on interannual and interdecadal time scales to some degree, and citing as 

appropriate. 

Re:  We revised the sentence to appreciate the modeling study by Williams et al. 

2006 on how increased rainfall variability may influence dryland vegetation 

production at interannual and interdecadal scales (line 63-66).  

 

Comment #7: Line 70-71: consider reviewing and citing contributions by Huxman et 

al. 2004 in Nature and Huxman et al. 2004 in Oecologia. 

Re:  These studies showed the importance of precipitation pulse size and frequency 

in controlling the activity of plants and microbes in aridland ecosystems. Hysteresis 

effects between rainfall pulses (i.e., precipitation legacy effects at rainfall event scale) 

were also analyzed in these studies. We have cited Huxman et al., 2004a, b (the two 

Oecologia papers) in line 55 and Huxman et al., 2004c (the Nature paper) in line 74.  

 

Comment #8: Line 76 - 77: consider renaming “structural attributes” to replace 

“attributes”. 

Re:  The word “attributes” has been replaced with “carryovers” (line 79).  

 

Comment #9: Line 91: consider including citation of Williams et al. 2009 in 

Oecologia which also shows lagged effects for respiration. 

Re: The work has been cited in Line 92. Thanks for the recommendation.  

 

Comment #10: Section 2.1: Some key details of the model need to be presented a 

little more fully. -What phenomenological model has been adopted for representing 

canopy stomatal resistance, and plant photosynthesis (e.g. Jarvis-type, or Farqhar and 

Ball-Berry)? - What are the details of how soil moisture influences plant productivity, 

plant respiration, and heterotrophic respiration? -Is the model’s allocation strategy 

trained to respond to seasonal, interannual and interdecadal variations in water 

availability? This is a key for the present study but the data rarely exist to 

parameterize such dynamic behaviors in models. 

Re:  Since these key model details have been presented in our previous publications, 

we did not describe them in detail in this manuscript. Specifically, the algorithms for 

calculating plant production, photosynthesis, stomatal conductance, and their relations 
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with water and nitrogen conditions are presented in equations (10) through (14) in 

Shen et al. (2005, Ecological Modelling, 189, 1-24); the algorithms for calculating 

autotrophic respiration, heterotrophic respiration, and their relations with temperature, 

moisture, and nitrogen conditions are presented in equations (A4) through (A11) in 

Shen et al. (2009, Global Change Biology, 15, 2274-2294). 

To present all these detail model descriptions, it would take about 5-6 more 

manuscript pages. We therefore only added some brief descriptions as suggested by 

the reviewer in lines 165-181 to help potential readers to examine these key 

mechanisms built into the model.  

 

Comment #11: Line 219 +: Explain what is “annual” for this paper. This may seem 

like a detail but it can be really important for assessing “legacies” or carry-over 

effects. Is it water year (October to September) or calendar (January to December) or 

some other time period? How does it encompass the two growing seasons and dry 

seasons? It would be most logical to start your “annual” period at the end of the 

longer of the two dry seasons, meaning the end of your warm dry season, or end of 

June. 

Re:  In line 219 (line 230 in the revised manuscript), “annual” refers to the calendar 

year (January-December). For calculating seasonal fluxes, “annual” refers to 

December (of a previous year) to November (of a current year), which has been 

defined in lines 231-232. For calculating yearly “or annual” fluxes, we used the 

calendar year (January-December) for the reason that annual ecosystem carbon fluxes 

are usually reported in the literature on the basis of a calendar year. We added one 

sentence to clarify this (Line 235-236).  

 

Comment #12: Line 240: Why do you use SPI to assess legacies? Using a 

standard-normal, statistical translation of absolute values can significantly distort the 

physiological / ecological meaning or implication of a precipitation anomaly. I 

recommend you consider sticking with the absolute precipitation anomalies to avoid 

creating artificial, spurious lags or legacies. 

Re:  The main purpose of using SPI is to indicate whether a particular year is a wet, 

a normal or a dry year (see Fig. 1).  SPI is also used in the Spearman correlation 

analysis (see Table 1). We actually tried both SPI and absolute PPT amount in this 

analysis; both indices received exactly the same correlation coefficients and the 

significance levels. In Fig. 6, SPI is also used to indicate year type (wet, normal or dry) 

and to show whether the direction of legacy effects differ among year types. The 

quantification of legacy effects is solely based on the carbon fluxes simulated (see the 

equation on page 16), not on the PPT amount or its anomalies.  

 

Comment #13: Figure 2: It seems odd that the model fit for NEP is so poor for the 

calibration period while so strong for the validation period. Note that the calibration 

period always has NEP > 0 while the validation period has a year of NEP < 0. 

Re:  Intuitively, the model fit should be better for the calibration than the validation 

period. But that is not the case in our study, mainly because the three validation years 
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have much larger precipitation variation (229-404 mm) than that in the four 

calibration years (285-329 mm). The larger precipitation variation in the validation 

years results in larger GEP, Re and NEP variations (see the new Fig. 2) that are better 

captured by the model simulations. In the original Fig. 2, NEP actually is always less 

than 0 (i.e. C source; see the open dots in Fig. 2d) in the calibration period, while 

there are two years with NEP>0 (i.e., C sink; see the open dots in Fig. 2h) in the 

validation period. We don’t know what confused the reviewer, but this now can be 

seen more clearly in the new Fig. 2d.  

 

Comment #14: Figure 2: is the R2 shown here for all seasons pooled together? That 

seems odd. They should each be regressed independently or else only show one of 

them. The R2 for each season (CS, WS, Annual) pooled is ill-advised. 

Re:  We agree with the reviewer that pooling all seasonal and annual data together to 

conduct a regression analysis is logically wrong. Thanks to the reviewer for the 

constructive comment. We re-conducted such analysis separately for each of the two 

growing seasons and the calibration and validation years. A new Fig. 2 has been 

created to present these new results. However, we only showed the comparisons 

between the observed and simulated fluxes at the annual scale in the new Fig. 2 (left 

panels), with seasonal comparisons being presented in the supplementary Figure S3, 

since this modeling analysis is mainly focused on the interannual and interdecadal 

scales.  

 

Comment #15: Your analysis should show early on (e.g. before Fig 3) observed 

carbon fluxes versus precipitation for annual, CS, and WS periods to describe a 

baseline portion of variation explained without considering legacy effects. 

Re:  Following the reviewer’s suggestion, we conducted a new analysis on the 

relations of the observed (and simulated) fluxes versus precipitation under the 

baseline PPT conditions (i.e. without changing the previous- or current- year 

precipitation). The results are shown in the new Fig. 2 (right panels). It is noted here 

that although the portion of the annual carbon flux variations can be explained largely 

(R
2
 mostly > 0.70) by current-year precipitation, that inseparably contains the legacy 

impacts from previous-years. This is also the main logical basis of our simulation 

design, i.e. by changing the previous- and current-year precipitation separately to 

discriminate the previous- and current-year precipitation effects on current-year 

carbon fluxes.  

 

Comment #16: Section 2.3: the writing in this section is poor and needs to be 

improved. Line 252: “faster” is odd diction Line 253: “.. of the variations in observed 

ones” has awkward diction and syntax. Line 257: “explanative” is incorrect 

(explanatory) 

Re:  Based on the new Fig. 2, we revised the section to report the new results (Line 

262-299). “faster” has been replaced with “larger” (line 263). “explanative” has been 

corrected to “explanatory” (line 292).  
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Comment #17: Year 2006: The model performed poorly for this year, and it was 

suspected that this is because of an extreme drought impact. Taking this to be the case, 

doesn’t this imply that the model is not capable of capturing drought responses, and if 

so, doesn’t this call into question the use of the model for the intended application... to 

study lag or legacy drought impacts which are likely to be strongest and most 

important in the extreme cases?! Even if you intend to study “non-extreme influences 

of legacies (Line 265)”, the fact that the model performance bounces back to being 

just fine following the 2006 drought seems to argue that there are only negligible 

legacy effects from extreme precipitation anomalies. This point should be brought out 

and discussed more critically. 

Re:  The model is calibrated by pursuing a best fit between the simulated and 

observed gross primary production (GEP) and ecosystem respiration (Re) in four 

calibration years (2004-2007). It is therefore not surprising that the model performed 

well in terms of GEP and Re with the R
2
 being larger than 0.6 (see new Fig. 2b, c), 

but performed poorly in terms of NEP in these four years with the R
2
 of 0.0001 at the 

annual scale (Fig. 2d), because NEP is actually calculated from GEP and Rec. We 

identified that this was mainly due to the poor performance in 2006, a year with an 

extremely dry cool growing season. If the data of this year were excluded, the R
2
 for 

NEP could reach above 0.70.  The model performed very well in the three validation 

years (2008-2010), with R
2
 values for different fluxes being all larger than 0.9 (see 

Fig. 2, left panels). These model calibration and validation results indicate that the 

model is capable of capturing the annual variations of ecosystem-level fluxes 

including NEP in 6 out of the 7 years (2004-2010), with 2006 being an exception. We 

think that the poor performance in 2006 is mainly because the built-in empirical 

relations between the rate of tissue death (or plant mortality) and the influential 

factors (e.g., air temperature, soil moisture, and plant phenology) account for more 

“normal” climate conditions rather than extreme conditions. Although there are many 

studies that have documented that extreme drought can cause more severe plant 

mortality, the quantitative or empirical relation between drought severity and plant 

mortality rate for the studied mesquite savanna ecosystem is still lacking, which 

hinders us to incorporate more robust relations into the model. Considering such 

extreme cool-season drought as in 2006 only occurred once in the 30-year simulation 

period, we therefore think the overall model performance is acceptable. We briefly 

explained such possible reasons in the discussion section (see lines 550-556).   

 

Comment #18: Line 271: there is no single threshold or cutoff for what is acceptable 

model performance. a cut-off of 50% would seem absurd for some contexts. 

Re:  R
2
>0.5 was suggested as a rough criteria to assess hydrological models 

(Moriasi et al. 2007, Transactions of the ASABE, 50, 885-900). For the three 

calibration years, the R
2
s for the observed versus simulated fluxes were all >0.9 (see 

new Fig. 2, left panels). We therefore deleted the sentence and the citation.  

 

Comment #19: Model experiment designs for both interannual and interdecadal 
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variations look good. 

Re:  Thanks. 

 

Comment #20: Why are legacy effects calculated as a cumulative anomaly over the 

simulation period? Certainly the effect size would then depend on the year in which 

an interannual perturbation was imposed, for example, having a large opportunity for 

legacy effects if a perturbation occurred in 1995 than if a perturbation occurred in 

2010. 

Re:  At the inter-decadal scale, we divided the 30-year period into two sub-periods 

based on the baseline PPT conditions showing in Fig. 1. While calculating the 

subperiod-scale fluxes, we used the cumulative fluxes throughout the subperiod and 

the legacy effects were further calculated based on the cumulative flux anomalies. 

This is analogous to what we would get annual fluxes by summing up all daily fluxes 

in a year.  

 

Comment #21: Fig 3: typo in (a) for “Cuurent” 

Re:  Fixed.  

 

Comment #22: The model’s results of the interdecadal legacy seem rather obvious... 

not that this is all bad but it does limit the paper’s contributions of discovery and 

insight to some degree, especially because results are model-based. A dry prior period 

knocks vegetation back such that the current period has more growth and less 

respiration. A wet prior period allows more vegetation growth which elevates 

respiration in the current period but has little effect on GEP. However, it is puzzling 

that a prior dry period elevates GEP. What model dynamic explains this? [later it 

comes out that this is purportedly related to an accumulation of soil nitrogen that 

becomes available – which is possible but raises some other questions as raised 

below.] 

Re:  It was puzzling to us too that a prior dry period/year elevates 

current-period/year GEP, since aboveground net primary production (ANPP) has been 

found to have a negative response to a prior dry year. By the notion, GEP and ANPP 

should all reflect “production”. But ANPP of dryland ecosystems is often estimated by 

harvesting biomass, so we argue that field observed ANPP is actually “biomass”. Our 

simulation results showed that biomass had a negative response to a prior dry year 

(see Fig. 5a,b and Fig. 8a, b), which is consistent with what has been found in field 

studies for ANPP. In the PALS model, GEP is calculated based on the photosynthesis 

rate that is linearly related to nitrogen availability, indicating that accumulated N in a 

prior dry year can stimulate GEP in a current year especially when water is not 

limiting. That explains why a prior dry year imposes mostly positive legacy impacts 

on current-year GEP when the current-year PPT was increased (see Fig. 3b) but 

impose no impacts or even negative impacts on GEP when the current-year PPT was 

reduced (see Fig. 3a).  

 

Comment #23: Line 326: “wet legacies imposed mostly negative impacts on 



 

7 
 

current-period GEP”. This is not consistent with what I see in Figure 3a, where it 

looks like a wet legacy has little to no effect on GEP. 

Re:  The statement was made in terms of the sign (positive or negative) of the 

numbers plotted in Fig. 3a, which can be better seen (in the figure below) with the 

zero lines being added.  But in terms of the magnitude of the numbers, the effects are 

indeed very small. We therefore replaced “mostly negative” will “little” in the text 

(line 350).   

 

 

Comment #24: Fig 5. This must be showing anomalies in states not absolutes, right? 

This should be clarified in the y-axis labels with a delta in front of each label. 

Re:  No, those are not absolute flux values. They are the legacy effects calculated as 

the difference between the current-period flux with previous-period PPT change and 

that without previous-period PPT change (see the equation in page 17 for how we 

define legacy effects). To avoid ambiguity, we added a delta in front of each label as 

the reviewer suggested and explained what that means in the figure caption (lines 

864-866).  
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Comment #25: Explain how the legacy duration is quantified. Is it somehow 

weighted by the magnitude of response so that subtle differences many years later are 

ignored? Also, explain why, mechanistically, it is so variable. 

Re:  The legacy duration means how long the legacy lasts after a PPT perturbation in 

one particular year. It is quantified as the number of years until the impacts on NEP 

vanish (i.e. the carbon fluxes equal to those under baseline PPT conditions). For 

example, a decrease in PPT by 30% in year 1982 caused carbon flux changes in the 

following 4 years (i.e. 1983-1986) compared with the fluxes without changing 1982 

PPT, then the legacy duration is 4 years (see Fig. 6a). We added one sentence in the 

caption of Fig. 6 to clarify this. Similar to the direction and magnitude of the legacies, 

the lasting duration of the legacies were very variable as well, mainly because yearly 

PPT (see Fig. 1) and the corresponding PPT alterations were very variable.  

 

Comment #26: Explain the odd results of a -30% prior year interannual precipitation 

perturbation for year 2000, which really stands out. Also, where is this year’s data 

point in Figure 7? It seems to have been selectively removed, no? There is no reason 

to treat it as an outlier, this being a set of model results with no room for sampling 

error as you would otherwise have with observationally based study. 

Re:  The odd result (or exceptionally high value) is actually for year 1999 (see Fig. 6, 

left column), which is a result of a -30% PPT change in 1998. We double checked our 

dataThe odd numbers in 1999 and 1984 were resulted from a mistake during legacy 

calculation and they have been corrected in this revision (see Fig. 6).  

 

Comment #27: Line 452: the second mechanism is poorly explained. please clarify, 

particularly regarding what is meant by “if the resources produced ... were not 

completely lost...”.  

Comment #28: Line 459: The third mechanism is not a mechanism at all. What is 

being stated here? 

Re:  The first mechanism explains why a biogeochemical carryover (e.g. SOM) can 

cause changes in flux rates. The second mechanism explains why biogeochemical 

materials (e.g., biomass or SOM) can be carried over. The third mechanism explains 

why different types of biogeochemical carryovers (e.g. nitrogen) can form legacy 

impacts on carbon fluxes. We have revised the descriptions of these mechanisms (see 

line 476-492).  

 

Comment #29: Lines 460 to 476: The argumentation is unclear here. You point out 

that your simulation results do not show a soil water carryover effect, but then you go 

on to state that it should be considered to be a potential mechanism. Do you mean that 

you think your model is wrong in that it lacks this mechanism? Why? What justifies 

this speculation, which is inconsistent with your findings? What would be done to 

include this? 

Re:  We wanted to emphasize that water carryover was not a major contributor at 

interdecadal and interannual scales, but it could potentially be important at seasonal or 
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event scales. Since we did not analyze the legacy effects at seasonal or event scales, 

we deleted the unrelated descriptions from lines 503-508.  

 

Comment #30: Line 482: If Nsoil is high in a dry legacy because plant uptake has 

been squashed, why is GEP elevated post-dry period when the plants have to invest in 

acquiring N that they would have otherwise had? THis mechanism in the model 

seems odd to me. Is a sudden pulse of N better at supporting GEP than a plant canopy 

that already possessed that N? Perhaps some of that N would have otherwise been tied 

up in nonphotosynthesizing plant parts (stems, roots), but is that what really happens? 

Re:  The model assumes that plant growth or photosynthesis is directly modified by 

N availability as in the following equation:    

 
max,

(12 / 0.46) N
j lvs j j c t j
G X SLA A F F S          

where Gj is the amount of daily plant growth (g dry mass m
-2

) for functional type j, 

Xlvs is the leaf dry mass (g), SLA is the specific leaf area (m
2
 g

-1
), Amax,j is the 

maximum potential net photosynthetic rate (mol CO2 m
-2

 s
-1

), 12 (g) is the mass of C 

per mol CO2, 0.46 is the average C content (46%) in plant tissues, Rloss is the 

respiratory loss of photosynthetic production per day, Ft is the temperature influence 

factor (for forbs and grasses, not for shrubs and annuals), Fc (2/π 



 photoperiod 



  

3600) is a conversion factor (changing time unit from second to day), and N

jS  is a 

linear scalar accounting for the effect of leaf N on Amax,j (see Eqn. (13) in Shen et al. 

2005, Ecological Modelling, 189, 1-24). Based on this model assumption, high soil N 

availability would result in larger plant growth or GEP when water is also available. 

The PALS model also assumes plants take nitrogen directly from soils and allocated 

to different organs (leaves, stems, and roots). It is biochemically possible the some 

stored N in stems and roots may be used for photosynthesis in leaves. But this has not 

been incorporated into PALS. 

 

Comment #31: Diction and syntax are troubled throughout this section. example: 488: 

“The N enhancement as dry legacies also explains...” 

Re:  “The N enhancement as” is replaced with “The carryover of N from” (line 521).  

 

Comment #32: Overall, it seems appropriate to put the magnitude of these legacy 

effects into the context of the magnitude of effects from current-year or 

current-season precipitation anomalies. 

Re:  We don’t truly understand the comment. Is that what we have done in Table1, 

Fig. 4 and Fig. 7?  

 

Comment #33: Line 523: poor wording here. 

Re:  The description has been reworded (lines 571-576).  

 

Comment #34: Line 523: This paragraph, including speculation and needed new 

directions, seems out of place in the conclusions section and would be more 
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appropriate at the end of the discussion section. 

Re:  We moved the paragraph to the end of the discussion section and revised it 

accordingly (Lines 544-550).  

 

Comment #35: Citations: 

Re:  The five references have been cited in the revised version.  
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Abstract   1 

The precipitation legacy effect, defined as the impact of historical precipitation (PPT) on 2 

extant ecosystem dynamics, has been recognized as an important driver in shaping the temporal 3 

variability of dryland aboveground primary production (ANPP) and soil respiration.  How the 4 

PPT legacy influences whole ecosystem-level carbon (C) fluxes has rarely been quantitatively 5 

assessed, particularly at longer temporal scales.  We parameterized a process-based ecosystem 6 

model to a semiarid savanna ecosystem in southwestern US, calibrated and evaluated the model 7 

performance based on 7 years of eddy covariance measurements, and conducted two sets of 8 

simulation experiments to assess interdecadal and interannual scale PPT legacy effects over a 9 

30-yr simulation period.  The results showed that decreasing the previous period/year PPT (dry 10 

legacy) always imposed positive impacts on net ecosystem production (NEP) whereas increasing 11 

the previous period/year PPT (wet legacy) had negative impacts on NEP.  The simulated dry 12 

legacy impacts were mostly positive on gross ecosystem production (GEP) and negative on 13 

ecosystem respiration (Re) but the wet legacy impacts were mostly negative on GEP and positive 14 

on Re.  Although the direction and magnitude of GEP and Re responses to the simulated dry and 15 

wet legacies were influenced by both the previous and current PPT conditions, the NEP 16 

responses were predominantly determined by the previous PPT characteristics including rainfall 17 

amount, seasonality and event size distribution.  Larger PPT difference between periods/years 18 

resulted in larger legacy impacts, with dry legacies fostering more C sequestration and wet 19 

legacies more C release.  By analyzing the resource pool (C, N, and H2O) responses to the 20 

simulated dry and wet legacies, we found that the carryover of soil N between periods/years was 21 
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mainly responsible for the GEP responses while the carryovers of plant biomass, litter and soil 22 

organic matter were mainly responsible for the Re responses.  These simulation results suggest 23 

that previous PPT conditions can exert substantial legacy impacts on current ecosystem C 24 

balance, which should be taken into account while assessing the response of dryland ecosystem 25 

C dynamics to future PPT regime changes.    26 

Keywords: AmeriFlux, carbon flux, lagged effect, biogeochemical carryover, ecosystem 27 

modeling, semiarid., legacy 28 

 29 

 30 
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1  Introduction  31 

Drylands play an important role in global carbon (C) cycle and future C sequestration 32 

(Houghton et al., 1999; Asner et al., 2003), as they cover 30-45% of the earth’s land surface 33 

(Asner et al., 2003; Reynolds et al., 2007), store about 15% of the global soil organic carbon 34 

(Schlesinger, 1991), and represent 30-35% of the terrestrial net primary production (Field et al., 35 

1998).  Driven by sporadic precipitation (PPT) and nonlinear biological responses, dryland C 36 

fluxes are especially variable across time and space (Maestre et al., 2012; Collins et al., 2014), 37 

making the prediction of dryland C budgets a challenging task (Jenerette et al., 2012).  38 

Moreover, climate models predict that the intra- and inter-annual PPT variability may be further 39 

intensified in dryland regions with longer drought durations and more large-sized events 40 

(Solomon et al., 2007; Diffenbaugh et al., 2008; Cook and Seager, 2013).  Further, sequences of 41 

wet years followed by sequences of dry years and vice versa are also increasingly likely (Peters 42 

et al., 2012; Sala et al., 2012).  Understanding the response of dryland ecosystem C fluxes to 43 

PPT variation is, therefore, important to characterizing the global C cycle and predicting how 44 

future PPT regime changes will affect dryland C balance.  45 

As a measure of ecosystem C balance, net ecosystem production (NEP) has a value that is 46 

positive when an ecosystem accumulates C and negative when an ecosystem loses C.  Dryland 47 

NEP has been thought to be closely tied to current-year PPT amount, with wetter than average 48 

years being a C sink, drier than average years being a C source, and years with average rainfall 49 

being C neutral (Flanagan et al., 2002; Hastings et al., 2005).  In addition, the precipitation 50 

legacy effect, defined as the impact of past PPT conditions on the current structure and 51 
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functioning of ecosystems (Lauenroth and Sala, 1992; Sala et al., 2012; Monger et al., 2015), has 52 

been found to play an important role in shaping the temporal variability of dryland ecosystem C 53 

fluxes (Knapp et al., 2002; Heisler and Weltzin, 2006; Sala et al., 2012; Ogle et al., 2014; 54 

Huxman et al., 2004a, b).  For example, Hasting et al. (2005) attributed the C sink status of a 55 

desert shrub ecosystem in the early spring of 2002 to the above-average rainfall in the late fall of 56 

2001.  Scott et al. (2009) and Hamerlynck et al. (2013) found that the cool season (Dec - Apr) 57 

drought was followed by an unusually large net C loss during the following warm monsoon 58 

season (Jul - Sep) in a semiarid savanna and a semidesert grassland ecosystems in southweastern 59 

Arizona, USA.  Moreover, the savanna ecosystem has recently been a net C source and one 60 

hypothesized explanation is current respiration of organic C that accumulated in the preceding 61 

wetter decade (Scott et al., 2009), but has yet been tested. While these studies reveal the 62 

existence of PPT legacy effects on NEP at the seasonal scale, only a few studies have 63 

quantitatively assessed the contribution of PPT legacy to the temporal variability of dryland NEP 64 

at interannual and interdecadal time scales has not been quantitatively assessed (Williams and 65 

Albertson, 2006), mainly because it is methodologically difficult to separate the past and current 66 

PPT impacts on C fluxes with observational data (Sala et al., 2012), and there is a general lack of 67 

field manipulative experiments to address the PPT legacies at these scales (Reichmann et al., 68 

2013a).  69 

Much of our current understanding of the PPT legacy effects on dryland C fluxes is based on 70 

the aboveground net primary production (ANPP).  A number of studies have documented that 71 

dryland ANPP is not only linearly related to current-year PPT, but also closely related to the PPT 72 
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amount and seasonality several months to years before (Lauenroth and Sala, 1992; Oesterheld et 73 

al., 2001; Huxman et al., 2004c).  For example, field studies have found a positive wet legacy 74 

effect where ANPP is higher than expected if preceded by a wetter year, or a negative dry legacy 75 

effect where ANPP is lower than expected if preceded by a drier year (Jobbagy and Sala, 2000; 76 

Oesterheld et al., 2001; Wiegand et al., 2004; Sherry et al., 2008; Sala et al., 2012).  Proposed 77 

mechanisms explaining such observed PPT legacy effects on ANPP mainly involve the structural 78 

carryovers of structural attributes between years.  The structural attributes , which can include 79 

be leaf and root biomass (Oesterheld et al., 2001), the composition of species differing in rooting 80 

depth and phenology (Paruelo et al., 1999; Jobbagy and Sala, 2000; Jenerette et al., 2010), or the 81 

density of seeds, tillers and plant individuals (Oesterheld et al., 2001; Yahdjian and Sala, 2006; 82 

Reichmann et al., 2013a).  Alternatively, production may be lower than expected if proceeded 83 

by a wet period (a negative wet legacy effect) or higher than expected if preceded by a dry period 84 

(a positive dry legacy effect) (Jenerette et al., 2010).  Such PPT legacy effects may be 85 

influenced more by biogeochemical effects carryovers that influence the resource availability to 86 

respond to current PPT (Evans and Burke, 2013; Reichmann et al., 2013b), whereby increased 87 

growth in response to a higher PPT can reduce the available nutrients (e.g. nitrogen (N)) for the 88 

following period and vice versa.  Although various mechanisms have been proposed for the 89 

PPT legacy impacts on ANPP, few of them have been rigorously tested, and the key underlying 90 

mechanisms still remain poorly understood (Sherry et al., 2008; Sala et al., 2012; Monger et al., 91 

2015; Williams et al., 2009).   92 

Soil respiration (Rs), as a major component of ecosystem C efflux, has also been found to have 93 
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lagged responses to PPT variations (Sponseller, 2007; Ma et al., 2012; Cable et al., 2013; 94 

Huxman et al., 2004b).  This is particularly true at the event scale; after a period of drought, a 95 

rainfall event can result in a pulse of CO2 efflux that may be orders of magnitude larger than that 96 

before the event and then decline exponentially for a few days to weeks (Xu et al., 2004; 97 

Jenerette et al., 2008; Borken and Matzner, 2009; Cable et al., 2013).  At a seasonal scale, 98 

Vargas et al. (2010) found no lags between Rs and soil moisture across 13 vegetation types 99 

including four grasslands; but Hamerlynck et al. (2013) presented longer-term ecosystem flux 100 

data that suggest seasonal drought legacy affects ecosystem respiration (Re) in a semi-desert 101 

grassland in southeastern AZ, US.  They posited that the increased C substrate availability 102 

resulting from the previous cool-season drought induced plant mortality was responsible for the 103 

higher Re in the following monsoon season.  However, very few studies have been devoted to 104 

understanding the PPT legacy impacts on dryland respiration at greater than seasonal timescales.   105 

In this study, we conducted simulation experiments with a widely-used dryland ecosystem 106 

model, Patch Arid Land Simulator (PALS; Kemp et al. 1997, 2003; Reynolds et al. 2004; Shen et 107 

al. 2009), to analyze the PPT legacy effects on ecosystem-level C fluxes including NEP, gross 108 

ecosystem production (GEP), and Re.  The PALS model was built on the pulse-reserve concept 109 

(Noy-Meir, 1973) and had been used to analyze the impacts of antecedent moisture conditions 110 

and the lagged responses of different plant functional types in three North American deserts at 111 

the rainfall event scale (Reynolds et al., 2004).  We parameterized, calibrated, and evaluated the 112 

model based on the long-term eddy covariance measured fluxes at a semidesert savanna 113 

ecosystem in southwestern US (Scott et al., 2009) to analyze the PPT legacy effects at 114 
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interannual and interdecadal scales.  Specifically, we aimed to addressaddressed the following 115 

three two questions.  First, what are the direction and magnitude of ecosystem C flux responses 116 

to dry and wet legacies?  We expected that the PPT legacy impacts would occur over annual 117 

and decadal scales in correspondence to PPT fluctuations at these scales and the dry and wet 118 

legacy impacts would differ in direction and magnitude.  Second, how are the direction and 119 

magnitude of PPT legacy effects related to the PPT characteristics of both the previous and the 120 

current year / period?  For PPT characteristics, we were not only interested in the annual and 121 

seasonal PPT amount but also between-event interval and event size distribution since all these 122 

variables are widely-recognized key PPT features to dryland ecosystems.  Third, what are the 123 

mechanisms responsible for the PPT legacy effects?  We assumed that changes in the structural 124 

and biogeochemical pools/reserves (C, N, and H2O) resulting from changes in previous year / 125 

period PPT would influence current ecosystem C fluxes as conceptualized in the pulse-reserve 126 

framework and implemented in the PALS model.  127 

 128 

2  Methods 129 

2.1  Model description 130 

PALS is a process-based ecosystem model that consists of four modules: atmospheric forcing, 131 

a water cycling and energy budget, plant production and respiration, and soil organic matter 132 

(SOM) decomposition and heterotrophic respiration (Rh).  The four modules are interactively 133 

linked by the cycling of C, N, and H2O through the atmosphere-plant-soil continuum.  The 134 

PALS model explicitly considers seven plant functional types (FTs) commonly found in the 135 
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North American warm deserts: evergreen shrub, deciduous shrub, perennial forb, perennial C3 136 

and C4 grasses, and native and exotic C3 annual grasses (Reynolds et al., 1997; Shen et al., 2009).  137 

Since the detailed model structure and mechanistic relationships have been presented in several 138 

publications (Kemp et al., 1997, 2003; Reynolds et al., 1997, 2000, 2004; Gao & Reynolds, 2003; 139 

Shen et al., 2005, 2008a, 2008b, 2009), here we briefly describe the four modules and refer 140 

interested audience to the specific literature.   141 

The atmospheric driving force module reads in data for atmospheric driving variables (e.g. 142 

atmospheric [CO2], N deposition rate, daily maximum and minimum air temperatures, 143 

precipitation, relative humidity, and solar radiation), and based on these driving variables, 144 

calculates other important variables such as vapor pressure deficit (VPD) that determines 145 

stomatal conductance and soil temperature that influences SOM decomposition and soil 146 

respiration.  Calculations of VPD and soil temperature can be found in Equations (2) - (7) in 147 

Shen et al. (2005).   148 

The water cycling and energy budget module mainly calculates soil water contents at six 149 

layers, the rates of water infiltration into and percolation out of a layer, and water losses via 150 

evaporation and transpiration from different layers.  Water infiltration and percolation rates of a 151 

layer are determined by the effective PPT reaching the soil surface, previous water content, and 152 

the water holding capacity as a function of soil texture (Shen et al., 2005).  Soil evaporation is 153 

determined by soil water availability and energy available in the two top soil layers (10 cm in 154 

depth).  Water uptake by plants is partitioned among the soil layers according to the proportion 155 

of roots in each layer for all plant FTs (Kemp et al., 1997; Shen et al., 2008b).  Canopy 156 



9 
 

transpiration is calculated by using the energy budget and the canopy stomatal resistance 157 

(Reynolds et al., 2000; Gao and Reynolds, 2003).   158 

  The plant production and respiration module mainly simulates phenology, primary production, 159 

growth and maintenance respiration, photosynthate allocation, and litterfall of each plant FT.  160 

Three major phenophases (i.e. dates of germination, leafing, and dormancy) are determined in 161 

PALS based on the observed dates, air temperature, and precipitation (Shen et al., 2009).  162 

Primary production for each FT is calculated based on the leaf area, potential net photosynthetic 163 

rate, stomatal conductance, leaf N content modifier, and the difference between intercellular and 164 

atmospheric [CO2]. The plant photosynthesis rate is estimated as a product of stomatal 165 

conductance and the partial pressure gradient between atmospheric and intercellular [CO2]. The 166 

stomatal conductance is calculated as an exponential function of leaf water potential and a linear 167 

relationship to decreasing atmospheric vapor deficit (see Equations (10) - (14) in Shen et al., 168 

2005).  Photosynthate is allocated to different plant organs (leaf, stem, and root) using fixed 169 

allocation ratios after subtracting the maintenance respiration, which is estimated as a function of 170 

live biomass, basal respiration rate, and modifiers of temperature and plant water potential (Shen 171 

et al., 2008a).  Growth respiration is calculated based on the growth yield coefficient and the net 172 

photosynthate used for growth (Shen et al., 2008a).  Litterfall amount is mainly determined as a 173 

function of observed dormancy dates, maximum air temperature and drought conditions (Shen et 174 

al., 2008a; Shen et al., 2009).   175 

  The SOM decomposition and heterotrophic respiration module simulates the decomposition of 176 

metabolic and structural litter material, SOM in active, slow and passive pools, and CO2 177 
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emissions associated with these decomposition processes (Kemp et al., 2003 and Shen et al., 178 

2009).  The SOM decomposition rate or heterotrophic rate is calculated as thea first-order 179 

kinetics rate with a of decomposition coefficient andmultiplied by the pool size, which are 180 

further modified by the temperature and moisture scalars (see Equations (A4)-(A11) in Shen et 181 

al., 2009).  In addition, this module also simulates the dynamics of soil mineral N pool by using 182 

N mineralization and atmospheric deposition as the major inputs, and plant N uptake and 183 

leaching loss as the major outputs.  Among these the N mineralization and plant uptake 184 

processes are modeled in more detail while the rates of the other processes are basically assigned 185 

with empirical constant values.  The N mineralization processes are directly coupled to litter 186 

and SOM decomposition processes and are calculated as a product of the C flow rates and the 187 

C/N ratio of the corresponding litter or SOM pools (Parton et al., 1993; Kemp et al., 2003).  188 

The plant N uptake is a product of water transpiration and N concentration in soil solution (see 189 

Equation (8) in Shen et al., 2008b).   190 

 191 

2.2 Model parameterization   192 

For this study, we modified and parameterized PALS to represent an upland mesquite savanna 193 

ecosystem in the Santa Rita Experimental Range (SRER; 31.8214
o
 N, 110.8661

o
 W, elevation 194 

1116 m), about 45 km south of Tucson, AZ, USA.  Soils at this site are a deep sandy loam 195 

(Scott et al., 2009), and the mean groundwater depth likely exceeds 100 m (Barron-Gafford et al., 196 

2013).  Precipitation was therefore considered as the only source of water input into the system.  197 

Based on the vegetation composition (Scott et al., 2009), there were five major plant FTs 198 
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included in PALS: shrub (e.g. Prosopis velutina), subshrub (e.g. Isocoma tenuisecta), C4 199 

perennial grass (e.g. Digitaria californica), perennial forb (e.g. Ambrosia psilostachya), and C3 200 

annual grass, among which the velvet mesquite shrub with average height of ca. 2.5 m accounted 201 

for ~35% of the total canopy cover and other FTs (mainly perennial grasses) accounted for ~22% 202 

(Scott et al., 2009).  Therefore, we derived the site-characteristic parameters for the two major 203 

FTs (shrub and perennial grass) from previous studies carried out in SRER, with those for the 204 

other FTs being adopted from a generic parameter dataset for the PALS model to be used in the 205 

North American warm deserts (Reynolds et al., 2004; Shen et al., 2005).  These site-specific 206 

parameters mainly included plant-related parameters (e.g. canopy cover, C allocation ratio, 207 

rooting distribution ratio, and the initial values of living and dead plant biomass pools) and 208 

soil-related parameters (e.g. soil chemical and physical properties, C/N ratios, decomposition 209 

rates, and initial values of the litter and SOM pools).  The values of these parameters are 210 

provided in Supplementary Table S1, with cited literature also being listed below the table.  211 

  For the climatic variables used to drive the PALS model, we compiled a 30-year 212 

meteorological dataset that included daily precipitation (PPT), maximum and minimum air 213 

temperatures (Tmax and Tmin), relative humidity (RH), and total solar radiation (Srad) from 1981 to 214 

2010.  The Tmax, Tmin, RH, and Srad data from 1981-1990 were observations from the Tucson 215 

Weather Station (about 50 km north of the mesquite savanna site and lower elevation) and 216 

obtained through the Arizona Meteorological Network online data access (AZMET: 217 

http://ag.arizona.edu/azmet).  The remaining 20 years (1991-2010) of Tmax, Tmin, RH and Srad 218 

data were observations from the Kendall Weather Station (about 85 km east of the mesquite 219 

http://ag.arizona.edu/azmet
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savanna site and slightly higher elevation) and obtained through the Southwest Watershed 220 

Research Center (SWRC) online data access (http://www.tucson.ars.ag.gov/dap/).  The 30-year 221 

PPT data were observations from the Santa Rita Watershed rain gage #5 (1.5 km from the site) 222 

and obtained also from the SWRC online data access.  These different sources of 223 

meteorological data were adjusted based on the 7 years (2004-2010) of the meteorological data 224 

obtained from the AmeriFlux eddy-covariance flux tower at the mesquite savanna site (US-SRM, 225 

see Supplementary Figure S1).  At last, we used the AZMET and SWRC data from 1981 to 226 

2003 plus the flux tower data from 2004 to 2010 to drive the model.   227 

Since our simulation experiment was based on the manipulations of the 30-year (1981-2010) 228 

PPT data, we report the PPT characteristics here in more detail.  In the past 30 years, the mean 229 

annual PPT amount was 401 mm at the site, slightly greater than the long-term (1937-2007) 230 

mean of 377 mm (Scott et al., 2009).  Based on the seasonal PPT amountFor the analysis at the 231 

seasonal scale, we distinguished four seasons with their mean PPT being listed in parenthesis: 232 

the cool growing season from Dec to Mar (cool-GS, 104 mm), the warm dry season from Apr to 233 

Jun (warm-DS, 27 mm), the warm growing season from Jul to Sep (warm-GS, 223 mm), and the 234 

cool dry season from Oct to Nov (cool-DS, 47 mm).  For the analysis at the annual or decadal 235 

scales, we used calendar year (Jan-Dec) as the time unit to compute and present the annual PPT 236 

and C fluxes.  At the site, as in many other dryland regions (Sala et al., 1992; Heisler-White et 237 

al., 2008), most rainy days have only light amounts.  About 80 % of daily rainfall was < 10 mm, 238 

with medium- to large-sized events (10 - 50 mm) accounting for about 20% and only 10 events 239 

larger than 50 mm in the 30 years.  The no-rain-day duration between events (hereafter 240 

http://www.tucson.ars.ag.gov/dap/
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between-event interval or BEI) was ~5 days on average in the warm-GS and ~10 days in the 241 

cool-GS.  242 

To further assess the degree of dryness/wetness of a particular year or growing season relative 243 

to the normal annual or seasonal rainfall, we computed the Standard Precipitation Index (SPI) for 244 

the 30 years and the 2 growing seasons of each year using the software SPI_SL-6 (available at 245 

http://drought.unl.edu/MonitoringTools), with SPI ≈ 0 indicating a normal year/season, SPI < 0 a 246 

dry year/season, and SPI > 0 a wet year/season.  Based on the computed SPI, the 30 years were 247 

divided into two periods: a wet period from 1981-1994 with mean annual rainfall of 465 mm and 248 

a dry period from 1995 to 2010 with mean annual rainfall of 345 mm (Fig. 1a).  The 1995-2010 249 

dry period was dominated by cool-GS drought (Fig. 1b), whereas the warm-GS seemed to be 250 

wetter in the 1981-1994 wet period (Fig. 1c).  These SPI values were used to analyze the 251 

relationships between PPT legacy effect and PPT amount.   252 

 253 

2.3  Model calibration and evaluation 254 

After model parameterization, we calibrated the model based on four years (2004-2007) of 255 

CO2 and H2O flux data monitored using the eddy covariance technique at the savanna site.  256 

Detailed descriptions of instrumentation, sensor heights and orientations, and data processing 257 

procedures for the eddy covariance data can be found in Scott et al. (2009).  During model 258 

calibration, we mainly adjusted the parameter values of photosynthate allocation ratios, live 259 

biomass death rates, and SOM decomposition rates to achieve a best fit between modeled and 260 

observed GEP and Re.  The model performed well in capturing the seasonal variation patterns 261 

http://drought.unl.edu/MonitoringTools
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of actual evapotranspiration (AET), GEP, Re, and NEP in the four calibration years 262 

(Supplementary Figure Fig. S2), with faster larger C exchanges fluxes during the warm-GS.  At 263 

seasonal andthe annual scales, simulated AET, GEP, and Re could explainexplained over 690% of 264 

the variations in the observed onesobservations (Fig. 2, left panels).  Compared to AET, GEP, 265 

and Re,B), but the correlation between the simulated and observed NEP was very weakerweak 266 

(Fig. 2d).  This was mainly due to the poor match in 2006:because the model substantially 267 

overestimated GEP (120 g C m
-2

 simulated versus 52 g C m
-2

 observed) during in the 268 

warmcool-GS of 2006 but underestimated Re during the cool-GS (Supplementary Figure Fig. 269 

S32).  If the data of this year were excluded, the explanative explanatory power for annual and 270 

seasonal NEP was could reachreached 5274%.  Possible causes for the poor model performance 271 

in 2006 shall be discussed later in the discussion section.  Since our goal was to use an 272 

empirically plausible model to understand the long-term temporal variations in ecosystem fluxes, 273 

we consider the calibration results acceptable.Year 2006 had extreme cool-GS drought with the 274 

SPI = -2.09 (Fig. 1b) and rainfall of 35 mm – less than half of those in the other three years.  275 

This cool-GS drought may have caused increased plant mortality similar to that reported for a 276 

semi-desert grassland nearby our study site (Scott et al., 2010; Hamerlynck et al., 2013).  We 277 

suspect that the model failed to capture such extreme drought impacts and resulted in the poor 278 

performance in 2006, since the empirical relations describing plant mortality and climate 279 

conditions in PALS account for more normal, rather than extreme, conditions.  This is 280 

appropriate for our study as we are examining non-extreme influences of legacies. 281 

The model performance was further evaluated by assessing the degree of correlation between 282 
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the PALS-simulated and flux-tower-measured C and H2O fluxes from 2008 through 2010, which 283 

were not used for model calibration.  The coefficients of determination (R
2
), which describe the 284 

proportion of the variance in measured data explained by the model, were all larger than 0.98 at 285 

the seasonal and annual scalesin the three validation years (2008-2010; Fig. 2, right left panels).  286 

Model performance is typically considered to be acceptable with R
2
 value > 0.5 (Moriasi et al., 287 

2007).  These evaluation results indicate that the model was capable of capturing the temporal 288 

variability of observed fluxes at seasonal andthe annual scales.  Furthermore, we also analyzed 289 

the relationships between the observed and simulated fluxes and the corresponding current-year 290 

PPT to see how the flux variations explained by current-year PPT under baseline conditions (i.e. 291 

the PPT variations showing in Fig. 1). The explanatory power (R
2
) for both the observed and 292 

simulated fluxes were mostly over 70% (Fig. 2, right panels), which further indicates that the 293 

model is capable of capturing the impacts of PPT variability on ecosystem fluxes. However, such 294 

explanatory power of current-year PPT inseparably contains the contribution from previous-year 295 

PPT under the baseline PPT conditions. The following simulation experiments were therefore 296 

designed to discriminate the contributions by previous- and current-year PPT impacts. Since our 297 

goal was to use an empirically plausible model to understand long-term temporal variations of 298 

ecosystem fluxes, we therefore consider the overall model performance acceptable.   299 

 300 

2.4  Simulation experiments 301 

We designed two sets of simulation experiments to examine the interdecadal and interannual 302 

PPT legacy effects.  To analyze the interdecadal legacy effects, we first changed the PPT of the 303 
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14-year previous period (1981-1994) by 0%, ±10%, ±30%, ±50% and ±80% (multipliers 304 

of existing daily PPT amounts in the record) while keeping the 16-year current-period 305 

(1995-2010) PPT unchanged.  After these manipulations, the average PPT of the previous 306 

period ranged from 93 mm corresponding to the 80% of decrease to 837 mm corresponding to 307 

the 80% of increase.  This design detects how changes in previous-period PPT influence the 308 

current-period C fluxes and the associated C pool dynamics.  On top of each previous period 309 

PPT manipulation level, we further changed the current-period PPT by 0%, ±10%, ±30%, ±310 

50%, and ±80%, which resulted in the average current-period PPT varying from 69 mm to 621 311 

mm.  This design detects how changes in the current-period PPT influence the legacies resulting 312 

from changes in the previous-period PPT.  As a result, we made 73 simulation runs 313 

corresponding to the 73 combinations of the above previous- and current-period PPT 314 

manipulations (9 previous PPT levels times 8 current PPT levels plus 1 baseline run).   315 

To analyze the interannual legacy, we changed the PPT of each individual year by ±30% 316 

while keeping the PPT of the subsequent years unchanged.  This design resulted in 54 317 

simulation runs (27 years from 1981-2007 times 2 PPT manipulation levels) and illustrates the 318 

effects of changes in the PPT of the previous one year on the C fluxes and resource pools of the 319 

current year(s).  After a 30% of PPT change, annual PPT ranged from 162 mm to 925 mm in 320 

the 27 years, which was large enough to cover the PPT interannual variation at the study site.  321 

Another consideration of using 30% as the PPT manipulation level was that future projected 322 

annual PPT variation in dryland regions will be -30% to +25% (Bates et al., 2008; Maestre et al., 323 

2012).   324 
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 325 

2.5  Data analysis 326 

Legacy effect was quantified as the C flux (or resource pool size) of the current-period/year 327 

after PPT changes in the previous-period/year minus that without PPT changes in the 328 

previous-period/year.  As an example, the following equation calculates the legacy effect of 329 

increasing the previous-period PPT by 30% on the current-period NEP:    330 

𝐿𝑒𝑔𝑎𝑐𝑦𝑁𝐸𝑃 = ∆𝑁𝐸𝑃 = 𝑁𝐸𝑃𝑃𝑃𝑇+30%
C𝑃 − 𝑁𝐸𝑃𝑃𝑃𝑇+0%

C𝑃  

where 𝑁𝐸𝑃𝑃𝑃𝑇+30%
𝐶𝑃  is the cumulative NEP throughout the current period (1995-2010) under a 331 

30% of previous-period (1981-1994) PPT increase; 𝑁𝐸𝑃𝑃𝑃𝑇+0%
𝐶𝑃  is the cumulative NEP 332 

throughout the current period with no previous-period PPT change (or baseline PPT conditions 333 

showing n in Fig. 1).  This method directly quantifies whether changes in PPT of the previous 334 

period will impose a positive, negative, or no legacy effect on the C fluxes (or resource pools) of 335 

the current period.  For simplicity, hereafter we refer to the legacy effect resulting from the 336 

decreased previous-period/year PPT as the dry legacy and that resulting from the increased 337 

previous-period/year PPT as the wet legacy.  Spearman correlation analysis was used to detect 338 

the relationships between legacy effects and PPT characteristics, including SPI, BEI, and the 339 

number of large (≥10 mm) versus small (<10 mm) events at yearly and seasonal scales.  The 340 

correlation analysis was performed in SPSS 16.0 (Chicago, IL, USA).   341 

 342 
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3  Results 343 

3.1  Interdecadal legacy  344 

Changes in the PPT of the previous period (1981-1994) imposed obvious legacy impacts on 345 

the C fluxes of the current period (1995-2010).  The direction of the simulated interdecadal dry 346 

and wet legacies on GEP and Re was dependent upon the direction of both the previous- and 347 

current-period PPT changes.  When the current-period PPT was reduced (Fig. 3, left panels), 348 

the simulated dry legacies imposed mostly positive impacts on the current-period GEP (Fig. 3a) 349 

but negative impacts on Re (Fig. 3c); whereas wet legacies imposed mostly negativelittle impacts 350 

on the current-period GEP (Fig. 3a) but mostly positive impacts on Re (Fig. 3c).  When the 351 

current-period PPT was enhanced (Fig. 3, right panel), both the dry and wet legacies imposed 352 

mostly positive impacts on GEP and Re (Fig. 3b, d).  Regardless of current-period PPT changes, 353 

NEP always responded positively to the dry legacies but negatively to the wet legacies (Fig. 3e, 354 

f), indicating that the direction of NEP responses to the PPT legacies was predominantly 355 

determined by the direction of the previous-period PPT changes.   356 

The simulated absolute magnitude of the PPT legacies on ecosystem C fluxes (i.e. GEP, Re, 357 

and NEP) generally increased with the absolute magnitude of changes in the previous-period 358 

PPT (Fig. 3, Fig. 4).  Increasing the current-period PPT generally amplified the legacy effects 359 

compared to decreasing the current-period PPT (comparing the left to the right panels of Fig. 3).  360 

The magnitude of the PPT legacies was also significantly correlated with the PPT difference 361 

between the previous and current period (∆PPT, equals to the current-period PPT minus the 362 
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previous-period PPT; Fig. 4).  If the previous period was wetter than the current period (i.e. ∆363 

PPT < 0 or a wet-to-dry period transition), the legacy effect on Re was negatively related with ∆364 

PPT (Fig. 4c) but that on NEP was positively related with ∆PPT (Fig. 4e), indicating more 365 

current-period C release after a wetter previous period.  In contrast, if the previous period was 366 

drier than the current period (i.e. ∆PPT > 0 or a dry-to-wet period transition), the correlations 367 

were all positive for GEP, Re and NEP (Fig. 4, right panels), indicating more current period C 368 

sequestration after a drier previous period.   369 

The resource pool dynamics were also shaped by the alterations in the previous- and 370 

current-period PPTs.  We only showed the 30% decrease and increase in the previous- and 371 

current-period PPT (i.e. 4 out of 72 pairs of PPT change combinations) as representative 372 

examples in Fig. 5, because the major response patterns for the other paired combinations were 373 

similar.  The duration of the PPT legacy impacts generally lasted for about 6-8 years for plant 374 

biomass, litter mass and soil water content (SWC), but much longer for soil organic matter 375 

(SOM) and soil mineral N (Nsoil) (Fig. 5).  Based on the resource pool responses in the early 1-2 376 

years (i.e. 1995 and 1996) of the current period, the dry legacies imposed negative impacts on 377 

biomass, litter and SOM (Fig. 5a-f), but positive impacts on Nsoil (Fig. 5g-h).  Contrastingly, the 378 

wet legacies imposed positive impacts on biomass, litter and SOM (Fig. 5a-f), but negative 379 

impacts on Nsoil (Fig. 5g-h).  Similar to the influences on C fluxes, increasing the current-period 380 

PPT (Fig. 5, right panels) amplified the legacy impacts on biomass and litter (Fig. 5a-d), and 381 

hastened the recovery rates of SOM and Nsoil to their baseline levels (Fig. 5e-h). 382 

 383 
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3.2  Interannual legacy  384 

At the interannual scale, a 30% decrease or increase in the PPT of one previous year could 385 

cause have the legacy impacts lasting for 2-12 following years (Fig. 6a-b).  The simulated dry 386 

legacies had mostly positive impacts on GEP (Fig. 6c) and NEP (Fig. 6g) but negative impacts 387 

on Re (Fig. 6e).  Conversely, the simulated wet legacies imposed mostly negative impacts on 388 

GEP (Fig. 6d) and NEP (Fig. 6h) but positive impacts on Re (Fig. 6f).  However, both the 389 

direction and magnitude of the simulated dry and wet legacies were very variable and 390 

idiosyncratic at this timescale, depending on the C fluxes of interest and the PPT conditions of 391 

specific years.  The correlation analysis showed that the simulated dry and wet legacies on NEP 392 

were only significantly related with the previous-year PPT conditions including annual and 393 

warm-GS SPI, BEI, and number of large events (NE>10 mm; P<0.05; Table 1), but not the 394 

current-year PPT conditions (Table 1).  With respect to GEP and Re responses, only the wet 395 

legacies were found to be significantly correlated with some of these PPT variables (P<0.05; 396 

Table 1).  Further examining the correlation between the PPT legacy effects and the PPT 397 

difference between two consecutive years (i.e. ∆PPT = current-year PPT minus previous-year 398 

PPT), we found that only Re and NEP responses were significantly correlated with ∆PPT if ∆399 

PPT <0 (i.e. under a wet-to-dry year transition; Fig. 7c, e).  400 

To analyze the interannual PPT legacy impacts on the dynamics of resource pools (i.e. 401 

biomass, litter, SOM, Nsoil, and SWC), two wet years (1983 and 1994) with positive SPI and two 402 

dry years (1986 and 1995) with negative SPI (see Fig. 1a) were chosen as examples.  The 403 

simulated dry legacies had negative impacts on biomass, litter and SOM, but positive impacts on 404 
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Nsoil and SWC in the first current year (Fig. 8).  In contrast, wet legacies imposed just the 405 

opposite direction of impacts on the five resource pools.  The simulated PPT legacy impacts on 406 

the resource pools could also last for several years, and the direction and magnitude of the legacy 407 

impacts in the following years could differ from those in the first year as described above.  For 408 

example, increasing the PPT of 1995 by 30% caused a positive legacy impact on the biomass of 409 

the first following year (i.e. 1996) but it became negative in the latter following years (e.g. in 410 

1998; Fig. 8b), further indicating that current-year PPT conditions could influence the direction 411 

and magnitude of the previous-year PPT legacies.   412 

 413 

4  Discussion 414 

4.1  Direction and magnitude of the simulated PPT legacies 415 

Through this simulation analysis, we demonstrated that previous PPT could impose substantial 416 

legacy impacts on current ecosystem C fluxes at interannual and interdecadal timescales.  A 417 

major finding was that the direction and magnitude of the simulated PPT legacies on NEP were 418 

predominantly determined by the previous PPT changes. However, the legacy impacts on the two 419 

processes (GEP and Re) determining NEP (NEP = GEP - Re) were largely influenced by both the 420 

previous and current PPT changes (Fig. 3a-d, Fig. 6c-f).  The main reason was that alterations 421 

in current PPT influenced GEP and Re in the same direction (e.g. increasing current PPT 422 

stimulated both GEP and Re) while alterations in previous PPT influenced GEP and Re in the 423 

opposite direction (Fig. 3a-d, Fig.6c-f).  These simulation results imply that the direction of the 424 

PPT legacy impacts on NEP can be inferred from previous PPT conditions: a previous drier 425 
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condition may foster more C sequestration in a current wet period/year and a previous wetter 426 

condition may cause more C release in a current dry period/year.   427 

Based on the eddy covariance measured NEP, Scott et al. (2009) found that the mesquite 428 

savanna ecosystem was a net CO2 source during the four below-average-rainfall years from 2004 429 

through 2007.  They ascribed the net release of C by the system to the cool-GS drought, but 430 

also suspected that the system was likely “burning off ” much of the C sequestered during the 431 

previous wet period (~1975-1995) (Scott et al., 2009).  Our simulation results of the positive 432 

wet legacy effects on SOM and negative effects on NEP (Fig. 4c, e) support this hypothesis that 433 

the accumulated SOM during the previous-wet period (Fig. 5e, f) contributed to the C released 434 

during the current dry period.  We also found that larger between-period/year PPT difference 435 

could result in larger legacy effects (Fig. 4 and Fig. 7), which is in agreement with what have 436 

been found in some field studies.  For example, the magnitude of drought legacy on ANPP is 437 

proportional to the severity of the drought (Yahdjian and Sala, 2006; Swemmer et al., 2007), and 438 

dry- or wet-year legacies on ANPP are linearly related to the PPT difference between years (Sala 439 

et al., 2012; Reichmann et al., 2013a).  Our simulation analysis detected that not only annual 440 

PPT amount but also finer scale PPT characteristics such as GS-rainfall, BEI, and event size 441 

could be important in determining the interannual-scale PPT legacy effects (Table 1).  These 442 

simulation results suggest that PPT legacies may play an more important role in shaping the 443 

temporal variability of dryland ecosystem C fluxes under the projected increase in future PPT 444 

variability (Solomon et al., 2007; Cook and Seager, 2013).   445 

 Evidence suggests that dDryland ecosystems are commonly thought to be a C sink in wet 446 
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years, a C source in dry years, and C neutral in normal years (Flanagan et al., 2002; Hastings et 447 

al., 2005).  While recent studies have shown the importance of other factors including growing 448 

season length (Xu and Baldocchi, 2004; Ma et al., 2007), seasonal drought (Scott et al., 2009; 449 

Scott et al., 2010; Hamerlynck et al., 2013), and other factors such as temperature and vegetation 450 

composition (Hui et al., 2003; Hamerlynck et al., 2010; Barron-Gafford et al., 2012; Scott et al., 451 

2014).  Our simulation results indicate PPT legacies may also have important consequences to 452 

ecosystem C dynamics.  For example, PPT was wetter than normal in 1987 with the SPI of 1.21, 453 

but with the NEP wasof -85 g C m
-2

 yr
-1

 (a C source), due to the negative wet legacy impacts on 454 

NEP several previous wet years before (see Fig. 6h).  PPT was nearly normal in 2008 with the 455 

SPI of 0.09, but with the simulated NEP wasof 79.6 g C m
-2

 yr
-1

 and the observed NEP of 69.2 g 456 

C m
-2

 yr
-1

 (a C sink), again due to the positive dry legacy impacts on NEP from several previous 457 

dry years (see Fig. 6g).  In a recent analysis on 14 years (1997-2011) of eddy covariance 458 

measurements, Zielis et al. (2014) reported that inclusion of previous year’s weather (PPT and 459 

temperature) into the linear predicting models for NEP increased the explained variance to 53% 460 

compared to 20% without accounting for previous year’s weather, indicating that previous year’s 461 

weather also played an important role in the Switzerland subalpine spruce forest.  Although we 462 

compared some response patterns generated from this simulation study with those derived from 463 

field observations, there exists no field study that, to our knowledge, is comparable to our 464 

simulation experiment to allow us conducting a direct comparison between the simulated and 465 

observed responses.  The simulation experimental design of this study may provide helpful 466 

insights into designing field manipulative experiments to further test the modeled patterns.  467 
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 468 

4.2  Potential mechanisms of the modeled PPT legacies 469 

There are three basic mechanisms explaining why PPT legacy impacts can occur in the model 470 

system like PALS.  First, the rate of C fluxes is a function of not only various influential factors 471 

(e.g. PPT and temperature) but also the pool size itself.  For example, soil heterotrophic CO2 472 

efflux (Rh) rate is a product of the decomposition coefficient, the size of the SOM pool, and two 473 

scalar functions accounting for temperature and moisture influences (Kemp et al., 2003; Shen et 474 

al., 2009).  Therefore, the altered SOM pool size from previous PPT changes can affect current 475 

Rh.  Second, different C pools have different turnover rates that determines whether 476 

biogeochemical materials (e.g. biomass or SOM) can be carried over.  If the resources material 477 

(e.g. water, biomass and SOM) produced in a previous legacy year has a turnover rate less than 478 

one year, then it would not be carried over to the next year to form a legacy impactwere not 479 

completely lost from the pool/reserve due to slower turnover rate, the resources may be carried 480 

over to the current year and influence the C fluxes as explained in the first mechanism.  In 481 

addition, the turnover rates of different C pools also determines how long the legacy lasts.  For 482 

example, SOM pools in the model have relatively slower turnover rates than biomass pools 483 

(Shen et al., 2005; Shen et al., 2008b), thus resulting in the longer-lasting legacy impacts on 484 

SOM than on biomass or litter pools (Fig. 5 and Fig. 8).  Third, the interactions between carbon 485 

fluxes and resource (e.g. N and water) availability also determine the direction and magnitude of 486 

legacy effects.  For example, N carryover as a legacy of a prior dry period (Fig. 5g, h) can 487 

impose impacts on the current-period GEP only when the current-period PPT is not so limiting 488 
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(Fig. 3b).  It would impose little or no legacy impacts on GEP when the current-period PPT is 489 

very limiting (Fig. 3a).  C, N and H2O cycling processes are closely coupled in the PALS model.  490 

Carried-over resources (e.g. C and N) can therefore interact with current PPT conditions to 491 

influence the responses of current fluxes.  Based on these general model mechanisms, below we 492 

discuss more specifically on the major responsive patterns of response and the responsible 493 

biogeochemical carryovers found in this study.  494 

An intuitive first explanation for the simulated wet legacies would be the carryover of water.  495 

However, in most cases soil water carryover did not occur because the wet and dry legacies on 496 

SWC were mostly negative or close to zero at the beginning of the current period/year (Fig. 5i-j; 497 

Fig. 8i-j).  Soil water carryover was therefore not the major contributor to the modeled PPT 498 

legacy effects at interdecadal and interannual scales.  This simulation result corroborates with 499 

those of field studies that have shown that carryover of water across long temporal scales is rare 500 

in dryland ecosystems, because the rainy growing seasons or wet years are often separated by dry 501 

dormant seasons or dry years resulting in short residence times of water in the system 502 

(Oesterheld et al., 2001; Reichmann et al., 2013a; Scott et al., 2014).  However, it is noted here 503 

that the carryover of soil water might be possible at finer temporal scales.  For example, 504 

Raz-Yaseef et al. (2012) reported that water from large storms could infiltrate into deep soil 505 

layers, be stored there for longer periods of time and carried over across seasons/months (also 506 

see Wiegand et al., 2004).  Thus, carryover of stored soil water should be considered as one of 507 

the potential mechanisms while addressing the PPT legacy effects at seasonal or event scales.  508 

The carryover of soil N (Nsoil) is mainly responsible for the modeled GEP responses.  In the 509 
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PALS model, the photosynthetic rate is linearly related to N availability if plant N demand is not 510 

fulfilled (Reynolds et al., 2004; Shen et al., 2005).  Therefore, Tthe enhanced Nsoil as from dry 511 

legacies (Fig. 5g, h and Fig. 8g, h) therefore resulted in the mostly positive responses of GEP 512 

(Fig.3a, b and Fig. 6c).  Conversely, the reduced Nsoil by from wet legacies (Fig. 5g, h and Fig. 513 

8g, h) resulted in the mostly negative responses of GEP (Fig. 3a, b and Fig. 6d).  The simulated 514 

dry legacies increased Nsoil mainly by decreasing PPT suppressed plant growth that limited  and 515 

therefore  N uptake.  This, which is consistent with many field measurements that Nsoil 516 

accumulates under drought conditions (Reynolds et al., 1999; Yahdjian et al., 2006; de Vries et 517 

al., 2012; Evans and Burke, 2013; Reichmann et al., 2013b).  Also similar to our simulation 518 

results, field studies found that N uptake increases and Nsoil decreases under wet conditions in 519 

dryland ecosystems (McCulley et al., 2009; Reichmann et al., 2013b).  The carryover of N 520 

enhancement as from dry legacies also explains why the simulated dry legacy impacts on NEP 521 

were positive (Fig. 3e, f and Fig. 6g), particularly under the circumstance of the dry-to-wet 522 

period/year transition (Fig. 4e, Fig. 7e).  The Nsoil carried over from the previous dry 523 

period/year and the current wetter conditions ameliorated both the N and H2O limitations on GEP, 524 

therefore resultedresulting in more C sequestration in the current period/year.   525 

The carryover of organic matter (biomass, litter and SOM) is mainly responsible for the 526 

modeled Re responses.  In the PALS model, the autotrophic (Ra) and heterotrophic (Rh) 527 

respiration rates are linearly related to the size of biomass, litter and SOM pools (Kemp et al., 528 

2003; Shen et al., 2008a; Shen et al., 2009).  The previous wet condition stimulated biomass, 529 

litter and SOM accumulation (Fig. 5 and Fig. 8) which therefore resulted in the mostly positive 530 



27 
 

wet legacy impacts on Re (Fig. 3c, d and Fig. 6f).  Conversely, the dry legacy decreased these 531 

pools (Fig. 5 and Fig. 8) and therefore resulted in the mostly negative dry legacy impacts on Re 532 

(Fig. 3c, d and Fig. 6e).  Contrary to our simulation results that dry legacies are mostly negative 533 

on SOM and Rh, Ssome field studies suggest that the labile C resulting from litter decomposition 534 

in a dry season may stimulate Rh in the following wet season (Jenerette et al., 2008; Scott et al., 535 

2009; Ma et al., 2012)., i.e. the dry-season had a positive legacy impact on the labile C pool and 536 

Rh, which is contrary to our simulation result that dry legacies are mostly negative on SOM and 537 

Rh.  This is mainly likely because the labile soil C pool in the PALS model only accounts for ~3% 538 

of the total SOM and has a very short residence time (1.7 year; see Supplementary Table S1); 539 

small amount of seasonal labile C carryover therefore may not exert obvious legacy impacts on 540 

SOM and Rh across interannual and interdecadal scales.  These results imply that the PPT 541 

legacy effects differs in direction and magnitude, depending on the type of C fluxes under 542 

consideration, the type of legacies (i.e. dry vs wet), and the temporal scale of analysis.  543 

While this simulation analysis mainly addressed the PPT legacy impacts on dryland ecosystem 544 

C fluxes from a biogeochemical perspective, structural shifts in vegetation composition such as 545 

woody plant encroachment (Potts et al., 2008; Scott et al., 2014) exotic species invasion 546 

(Hamerlynck et al., 2010; Scott et al., 2010), and changes in microbial communities (de Vries et 547 

al., 2012; Evans and Wallenstein, 2012; Collins et al., 2014), may also interact with the 548 

biogeochemical processes to shape the PPT legacy effects on the temporal variability of dryland 549 

C fluxes.  Furthermore, we need to better understand the legacy effects of extreme events such 550 

as the cool-GS drought in 2006 (see Fig. 1b) need better understanding in order toso that these 551 
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important events can be adequately simulatedincorporate the adequate mechanisms into the 552 

model.  This cool-GS drought may have caused increased plant mortality as reported for a 553 

semi-desert grassland nearby our study site (Scott et al., 2010; Hamerlynck et al., 2013), but that 554 

has beenis poorly represented in the model and may have caused the overestimation of the 555 

modeled NEP in comparison with the observed one (see Fig. 2c).  Future studies incorporating 556 

both the structural and biogeochemical aspects and involving multiple temporal scales are 557 

needed in order to achieve a more comprehensive understanding of the PPT legacy effects on 558 

dryland ecosystem C dynamics.    559 

5  Conclusions 560 

In summary, Through this simulation analysis, we learned through this simulation analysis that: 561 

i) previous PPT conditions can impose substantial legacy impacts on the C balance of dryland 562 

ecosystems, with dry legacies fostering more current C sequestration and wet legacies causing 563 

more current C release; ii) the responses of ecosystem C fluxes to the simulated dry and wet 564 

legacies are mostly opposite in direction and asymmetrical in magnitude, with dry legacies being 565 

greater for GEP than for Re and wet legacies being greater for Re than for GEP; iii) the carryover 566 

of Nsoil is mainly responsible for the GEP responses, and the carryovers of biomass, litter and 567 

SOM are mainly responsible for the Re responses; and iv) the simulated PPT legacy effects can 568 

last for several years even with a one-year PPT change and therefore the direction and magnitude 569 

of interannual PPT legacy effects are less predictable at interannual than at interdecadal 570 

scaleones.  TheseOur simulation results imply suggest that dryland ecosystems in southwestern 571 

US may emit more C that was sequestered in the past into the atmosphere with the predicted 572 
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decreasing  drying trends in future PPT amountthe region (Seager et al., 2007; Solomon et al., 573 

2007), dryland ecosystems in southwestern US may emit more C that was sequestered in the past 574 

into the atmosphere.  With the projected more extreme and variable PPT regime (Seager et al., 575 

2007; Solomon et al., 2007; Diffenbaugh et al., 2008), t; the temporal variability of ecosystem C 576 

fluxes may be further intensified in the region due to the increasing PPT variability and the 577 

associated legacy impacts.  While this simulation analysis mainly addressed the PPT legacy 578 

impacts on dryland ecosystem C fluxes from a biogeochemical perspective, structural shifts in 579 

vegetation composition such as woody plant encroachment (Potts et al., 2008; Scott et al., 2014) 580 

exotic species invasion (Hamerlynck et al., 2010; Scott et al., 2010), and changes in microbial 581 

communities (de Vries et al., 2012; Evans and Wallenstein, 2012; Collins et al., 2014), may also 582 

interact with the biogeochemical processes to shape the PPT legacy effects on the temporal 583 

variability of dryland C fluxes.  Future studies incorporating both the structural and 584 

biogeochemical aspects and involving multiple temporal scales are needed in order to achieve a 585 

more comprehensive understanding of the PPT legacy effects on dryland ecosystem C dynamics.    586 
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Table 1.  Spearman correlation coefficients between legacy effects and precipitation 821 

characteristics at an interannual scale.   822 

Precipitation 

characteristics 

Dry legacy (previous-year PPT -30%) Wet legacy (previous-year PPT +30%) 

∆GEP ∆Re ∆NEP ∆GEP ∆Re ∆NEP 

Previous-year PPT characteristics  

Yearly SPI ns ns 0.560
**

 -0.545
**

 ns -0.757
**

 

Warm-GS SPI ns ns 0.579
**

 ns ns -0.626
**

 

Yearly NE>10 mm ns ns 0.442
*
 -0.446

*
 ns -0.636

**
 

Warm-GS NE>10 mm ns ns 0.445
*
 ns ns -0.575

**
 

Current-year PPT characteristics 

Yearly SPI ns ns ns -0.482
*
 -0.467

*
 ns 

Warm-GS SPI ns ns ns ns -0.399
*
 ns 

Yearly BEI ns ns ns 0.409
*
 ns ns 

Yearly NE>10 mm ns ns ns -0.394
*
 ns ns 

Abbreviations: PPT: precipitation; SPI: standard precipitation index; GEP: gross primary 823 

production; Re: ecosystem respiration; NEP: net ecosystem production; GS: growing season; BEI: 824 

between-event interval; NE: number of events. * and ** - Correlations are significant at the 0.05 825 

and 0.01 levels (2-tailed), respectively; ns – not significant.   826 
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Figure captions 827 

Figure 1.  Annual and growing-season rainfall and the corresponding standard precipitation 828 

index (SPI) in the 30 years (1981-2010) at the Santa Rita Experimental Range (SRER) mesquite 829 

savanna site.  The cool growing season (cool-GS) is from Dec through Mar and warm-GS from 830 

Jul through Sep.  Dots represent annual or seasonal rainfall and bars the corresponding standard 831 

precipitation index.   832 

 833 

Figure 2.  Comparison of the model-simulated water and carbon fluxes with the eddy 834 

covariance observed onesobservations at the mesquite savanna site.  Left panels show the 835 

seasonal and annual fluxes (2004-2007) used for model calibration.  Right panels show the 836 

seasonal and annual fluxes (2008-2010) used for model validation.  R
2
 is the coefficient of 837 

determination describing the proportion of the variance in measured fluxes explained by the 838 

model.  CS represents the cool season from Oct to Mar and WS the warm season from Apr to 839 

Sep.  AET represents actual evapotranspiration; GEP gross ecosystem production, Re total 840 

ecosystem respiration, and NEP net ecosystem production. 841 

 842 

Figure 3.  Interdecadal legacy effects of changing the previous-period (1981-1994) 843 

precipitation on the cumulative carbon fluxes of the current period (1995-2010).  Interdecadal 844 

legacy effects on carbon fluxes (e.g. ∆NEP) are calculated as the difference between the 845 

current-period flux with previous-period PPT changes and that without previous-period PPT 846 

changes. Dashed lines with open symbols represent different levels of decreasing (left panels) the 847 
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current-period precipitation (PPT).  Solid lines with filled symbols represent increasing (right 848 

panels) the current-period precipitation.   849 

 850 

Figure 4.  Spearman correlations of interdecadal precipitation legacy effects with the 851 

precipitation difference between periods (∆PPT).  Interdecadal ∆PPT is calculated as the mean 852 

PPT of the current period (1995-2010) minus that of the previous period (1981-1994).  853 

Interdecadal legacy effects on carbon fluxes (e.g. ∆NEP) are calculated as the difference 854 

between the current-period flux with previous-period PPT changes and that without 855 

previous-period PPT changes. Sample size is 41 for the wet-to-dry period transition (left panels) 856 

and 23 for the dry-to-wet period transition (right panels).  GEP represents gross ecosystem 857 

production, Re ecosystem respiration, and NEP net ecosystem production.  R
2
 is the coefficient 858 

of determination and P is probability.   859 

 860 

Figure 5.  Interdecadal precipitation legacy effects on the resource pool dynamics.  Left 861 

panels show the resource pool responses under a 30% of decrease while right panels show those 862 

under a 30% of increase in the precipitation (PPT) of the current period from 1995-2010.  863 

Legacy effects on pool size (e.g. ∆Biomass) are quantified as the difference between the 864 

current-period pool size with previous-period PPT change and that without previous-period PPT 865 

change. Dashed lines represent a 30% of decrease while solid lines represent a 30% of increase 866 

in the precipitation of the previous period from 1981-1994.  SOM represents soil organic matter, 867 

Nsoil soil mineral nitrogen, and SWC soil water content. 868 
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 869 

Figure 6.  Interannual precipitation legacy effects on the ecosystem carbon fluxes.  (a) and (b) 870 

show the lasting duration of dry (left panels) and wet (right panels) legacies, respectively.  The 871 

legacy lasting duration is quantified as the number of years during which the legacy impacts on 872 

NEP resulting from a previous-year PPT change exists.  (c) through (h) show gross ecosystem 873 

production (GEP), ecosystem respiration (Re) and net ecosystem production (NEP) responses.  874 

Bars in the background represent yearly standard precipitation index (SPI).   875 

 876 

Figure 7.  Spearman correlations of interannual precipitation legacy effects with the 877 

precipitation difference between years (∆PPT).  Interannual ∆PPT is calculated as current-year 878 

PPT minus previous-year PPT.  Sample size is 26 for the wet-to-dry year transition (left panels) 879 

and 27 for the dry-to-wet year transition (right panels).  GEP represents gross ecosystem 880 

production, Re ecosystem respiration, and NEP net ecosystem production.  R
2
 is the coefficient 881 

of determination and P is probability.   882 

 883 

Figure 8.  Interannual precipitation legacy effects on resource pool dynamics.  Left panels 884 

show the legacy effects on pool dynamics in two representative wet years while right panels for 885 

two representative dry years.  Legacy effects on pool size (e.g. ∆Biomass) are quantified as the 886 

difference between the current-year pool size with previous-year PPT change and that without 887 

previous-year PPT change. Solid lines represent a 30% decrease while dashed lines represent a 888 

30% increase in the previous-year precipitation (PPT).  SOM represents soil organic matter, 889 
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Nsoil soil mineral nitrogen, and SWC soil water content.   890 
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