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Extreme drought alters the vertical distribution but not the total amount of grassland root biomass
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Abstract 
[bookmark: _GoBack]Extreme drought impacts ecosystem function and processes dramatically. However, a comprehensive understanding of how extreme drought affects root biomass at regional scales remains elusive. Here, we investigated the effects across six grasslands with extreme drought treatment replicated across a precipitation gradient in Inner Mongolia, China. We found the root biomass and belowground net primary productivity (BNPP) were significantly positively correlated with precipitation at the reginal scale. Extreme drought decreased the slope of this correlation in 0-10 cm and increased in 10-20 cm. Root biomass and BNPP increased by extreme drought in the four relatively arid sites and decreased in the two relatively mesic sites in 0-10 cm, and the reverse pattern showed in 10-20 cm. These shifts were driven by the response of soil moisture. Our findings suggest that including vertical responses of belowground primary productivity to extreme drought should improve models predictions of plant roots to future climate change.

INTRODUCTION
[bookmark: OLE_LINK11][bookmark: OLE_LINK12]As the global climatic changes, the frequency and magnitude of climate extremes are predicted to intensify (Easterling et al. 2000). Despite being relatively short-term events, climate extremes have the potential to cause significant and long-term ecological change, and thus can have impacts disproportionate to their duration (Smith 2011). One type of climate extreme - extreme drought - has been shown to have significant impacts on ecosystem functions and processes globally (Zhang et al. 2019b), but there is growing evidence that the magnitude of these impacts can differ greatly among ecosystem types (Knapp & Smith 2001; Campos et al. 2013; Song et al. 2019). There are two opposing hypotheses related to how ecosystems may differ in their response to extreme drought. One hypothesis suggests that mesic ecosystems are less sensitive than arid systems because precipitation levels are higher and thus water availability is less of a limiting factor for growth (Huxman et al. 2004; Heisler-White et al. 2009; Knapp et al. 2015). A competing hypothesis suggests that mesic ecosystems are more sensitive than arid ecosystems (Hsu et al. 2012) because the plant species have not been selected to tolerate drought (Grime et al. 2000). However, few experimental tests of these opposing hypotheses exist. Most previous studies have found that aboveground productivity decreases during drought and that sensitivity is negatively related to precipitation (Huxman et al. 2004; Knapp et al. 2015), though some studies in arid ecosystems have found that aboveground productivity was insensitive to drought (Cherwin & Knapp 2012). However, unlike aboveground productivity, belowground productivity, which is critical for acquisition of water, has been observed to increase (McConnaughay & Coleman 1999), decrease (Frank 2007), or remain stable (Kreyling et al. 2008) under extreme drought. The inconsistent responses of belowground productivity to drought make it more complex than aboveground productivity. To our knowledge, we have very limited understanding of how drought affects below-ground productivity under contrasting aridity conditions.
The impacts of extreme drought on belowground productivity may differ with soil layers. Most previous studies on drought impacts on root biomass focused mainly on superficial soils layers (e.g. 0-10 cm soil), with limited attention being paid to the deeper soil layers (Milchunas & Lauenroth 2001; Barkaoui et al. 2016). The few studies that do exist found variable effects of drought on the depth distribution of belowground production across ecosystems. A study conducted in a semiarid grassland in China showed that drought reduced BNPP in soil layers of 0-10 cm but increased BNPP in deeper soil layers (Zhang et al. 2019a). However, in a mesic grassland in Switzerland, drought increased root biomass but did not affect root biomass in the deeper soil (Prechsl et al. 2015). The variable effects of drought on root biomass as a function of soil depth may be due to site-level differences in varying magnitude of soil moisture change throughout the soil profile and ecosystem properties. In spite of the importance of both shallow and deep root production for water acquisition, little is known about biogeographic patterns in the response of belowground productivity to extreme drought, particularly as a function of depth.
We assessed the relationship between belowground productivity and precipitation across six grasslands in Inner Mongolia, China. We chose to focus on grassland ecosystems because they cover approximately 40% of the terrestrial land surface (Foley et al. 2005), and occur mostly in water-limited regions where ecosystems are sensitive to changing precipitation (Knapp et al. 2008; Wu et al. 2011). Previous studies have shown that precipitation constrains aboveground primary productivity for global grasslands ecosystems (Fay et al. 2003; Felton et al. 2019). Aboveground primary productivity tended to be positively related to higher precipitation (Sala et al. 1988). However, the relative allocation of resources to roots can depend on environmental conditions (Schenk & Jackson 2002; Yang et al. 2010), e.g. plants tend to allocate relatively less biomass to roots in mesic environments than that in arid environments (Wang et al. 2019). Thus, although belowground primary productivity may respond to a different combination of environmental factors than aboveground productivity, this remains a knowledge gap. 
The six focal grasslands in our study span a precipitation gradient. We established a coordinated experiment across the sites to examine variation in belowground productivity response to extreme drought. In addition, we assessed whether responses of belowground productivity to extreme drought differed between topsoil and deeper soil layers. We addressed two questions: 1) Is belowground productivity more sensitive to extreme drought in arid or in mesic grasslands? 2) How does extreme drought impact vertical root distribution throughout the soil profile, and does this differ along the precipitation gradient? Finally, we explored how extreme drought impact the relationship between belowground productivity and precipitation. 
MATERIAL AND METHODS
Experimental designs
The Extreme Drought in Grasslands Experiment (EDGE, http://edge.biology.colos tate.edu/) in China were conducted in six grasslands (Fig. S1). These encompassed the major grassland types of Eurasian Steppes with desert grasslands located in Urat (site A) and Sheila MuRen (site B); typical grasslands located in Xilinhot- Stipa grandis (site C) and Xilinhot- Leymus chinensis (site D) ; as well as meadow grassland located in Erguna (site E) and Sher Tara (site F). Additional site information can be found in Table S1. These six sites (A-F) in our study span a precipitation gradient from dry to wet with the lowest MAP (175 mm) in site A and the highest MAP (363 mm) in site F. And, the aridity index of the six sites showed the same trend with the MAP from 0.38 in site A to 3.41 in site F.
At each site, identical manipulative drought experiments were established in relatively homogeneous areas in 2014. The experimental drought treatments reduced precipitation by 66% during each growing season (from May to August) since 2015. Based on an estimated probability function calculated from 56 years (1972-2018) of growing season precipitation for the study sites, the 66% reduction in rainfall from 2015-2018 can be classified as an extreme drought treatment at each site (exceeding 5th percentile) (Fig. S2). The experimental design was a randomized complete block design with six replications of each treatment at each site. Experimental plots were 6 × 6 m and located at least 2 m from the neighboring plots. Plots were hydrologically isolated from the surrounding soil matrix by aluminum flashing (buried to a depth of 1 m). Each plot included a 1-m external buffer to allow access to the plot and minimized the edge effect associated with the infrastructure. Untreated control plots without rainout shelters were established for comparison. Rainout shelters were sloped slightly toward subtle topographic gradients to allow for quick drainage of ambient precipitation. Rainout shelters were 2 m above the ground surface and were not closed down to the ground, allowing for near surface air exchange and minimizing unwanted greenhouse effects. The effects of rainout shelters on the light environment were small, permitting nearly 90% penetration of photosynthetically active radiation (Yahdjian & Sala 2002).
Root biomass and belowground net primary productivity
Root biomass was sampled at the end of the growing season in 2015, 2016, 2017 and 2018. In the experimental plots, eight soil cores were taken to the depth of 40 cm with a 5 cm diameter root auger and separated into 0-10, 10-20 and 20-40 cm depth increments. The roots were washed free of soil over a 0.5 mm mesh sieve. Belowground net primary productivity (BNPP) was assessed using in-growth core technique in 2016, 2017 and 2018. First, two 5-cm-diameter soil cores were sampled at 0-20 cm depth and all the visible roots were picked out by hand. Nylon-mesh bags (mess size 1 mm) containing the remaining soil were inserted into holes in experimental treatments (two in each replicated plot) at the beginning of the growing season. At the end of the growing season, the bags were removed and the soil was separated into two soil layers (0-10 and 10-20 cm), and then roots were washed over a 0.5 mm mesh sieve. All the biomass samples were oven-dried at 65 °C for 48 h and weighed.
Statistical analyses
The response ratio of root biomass (RRRB), BNPP (RRBNPP) and soil moisture (RRSM) to extreme drought was defined as: Response ratio = (Drought - Control) / Control. Repeated measures mixed effect models were used to assess the effect of extreme drought on root biomass and BNPP, with block as a random factor. Significant differences among means of root biomass and BNPP were estimated at the level of 5% (p < 0.05) using Independent samples t-test. In order to eliminate the potential influence of treatment years, year was considered as a random factor along with block in analyzing the relationship between root biomass, BNPP and MAP, and the relationship between RRRB, RRBNPP and RRSM using linear mixed-effect models. Slope comparison was performed to compare the response of root biomass and BNPP to changing precipitation in control and drought at each soil layer. All of the statistical analyses were conducted using R 3.3.4, with “nlme”, “lme4”, “car” and “smatr” packages.
RESULTS
Belowground productivity response to extreme drought 
Over the 4-year experimental period, extreme drought did not influence the average root biomass across the full soil profile (0-40 cm; except site D, an intermediate precipitation site) (Fig. 1a). Extreme drought resulted in an increase in shallow (0-10 cm) root biomass at low precipitations sites (A (46.8%, P = 0.053), B (43.2%, P = 0.007), C (41.2%, P = 0.003) and D (60.4%, P < 0.001)), but decreased root biomass at higher precipitation sites (E (32.3%, P < 0.001), F (28.9%, P < 0.001)) (Fig. 1b). In the 0-20 cm layer, root biomass decreased by 7.6%, 25.1%, 24.0% and 28.1% at sites A (P = 0.685), B (P = 0.031), C (P = 0.046) and D (P = 0.007) by extreme drought respectively, and increased 51.4% (P = 0.011) at site E and 29.3% at site F (P = 0.121) (Fig. 1c). Extreme drought did not generally influence the root biomass in 20-40 cm (except site E with a increase of 30.8%, P = 0.047) (Fig. 1d). In each year of our study, the effects of extreme drought were qualitatively similar (Fig. S3).  
BNPP responded to extreme drought similarly to root biomass. Total BNPP in the 0-20 cm did not generally respond to extreme drought (Fig. 2a). In 0-10 cm, mean BNPP in the extreme drought increased by 16.0%, 30.1%, 15.8% and 15.6% at sites A (P = 0.052), B (P = 0.071), C (P = 0.296) and D (P = 0.387) respectively, and decreased 30.7% (P = 0.002) and 37.7% at sites E and F (P < 0.001) (Fig. 2b). In 10-20 cm, extreme drought reduced mean BNPP by 28.2%, 36.3%, 50.6% and 26.1% at sites A (P = 0.152), B (P = 0.004), C (P < 0.001) and D (P = 0.147), and increased BNPP by 43.1% and 41.2% at sites E (P = 0.038) and F (P < 0.001) (Fig. 2c). Much like the root biomass data, the effects of extreme drought on BNPP were qualitatively similar among study years (Fig. S4).
The role of soil moisture for the response of belowground productivity
In 0-10 cm, the positive response ratios for root biomass and BNPP were found for low precipitation sites (A-D), and the negative response ratios for higher precipitation sites (E and F). In 10-20 cm, the opposite response was found for six sites (Fig. S5). We found no relationship between MAP and the response ratios of root biomass and BNPP in each soil layers and the whole soil profile (Fig. S6). However, we found that the response ratios of both root biomass and BNPP were positively related with the response ratio of soil moisture in 0-10 cm and 10-20 cm across the six grasslands (Fig. 3).
Extreme drought significantly decreased soil moisture both in 0-10 cm and 10-20 cm across the six grasslands (Figs S7a and S8). At the relatively arid sites (A-D), extreme drought reduced soil moisture more in 10-20 cm than that in 0-10 cm (A, P < 0.001; B, P = 0.056; C, P = 0.076; D, P = 0.078). Conversely, at the relatively mesic sites (E and F), extreme drought reduced soil moisture more in 0-10 cm than that in 10-20 cm (E, P = 0.282; F, P = 0.159) (Fig. S7b).
The relationship between belowground productivity and MAP 
Both root biomass and BNPP were significantly positively correlated with MAP for all the studied soil layers across the six natural grasslands. However, the slopes differed among soil layers, with steeper slopes in the top and a weaker response with depth (Fig. 4). 
Extreme drought did not change the direction of the relationships between root biomass, BNPP and precipitation (Fig. 4a and 4b). However, the slopes of the relationships were altered differently at different soil layers. The slope decreased by extreme drought for 0-10 cm root biomass, increased for 10-20 cm, while did not change for 20-40 cm and 0-40 cm (Fig. 4c). Extreme drought altered the relationship between BNPP and precipitation similarly, i.e. the slope decreased for 0-10 cm, increased for 10-20 cm and did not change for 0-20 cm (Fig. 4d).
Discussion
The magnitude and frequency of extreme drought are predicted to increase and alter ecosystem functions and processes profoundly (Luo et al. 2018; Slette et al. 2019). Because root allocation is critical for plant success during droughts, it is thus important to understand how belowground productivity responds to extreme drought. In contrast to the clear pattern of aboveground productivity being more sensitive to drought in ecosystems at lower MAP (Huxman et al. 2004; Knapp et al. 2015), we did not find evidence for the response of belowground productivity to drought varying with MAP in any soil layers. Rather, we observed complex responses across soil layers and sites. At low precipitation sites, extreme drought induced a shift in allocation that led to an increase in shallow roots but a decrease in deeper roots. In contrast, at higher precipitation sites, extreme drought caused the opposite response: increased investment in deeper roots but reduced shallow root biomass. Our results suggested that the response of belowground productivity to drought depends on precipitation, particularly the resulting soil moisture, a relationship that should be included in the future models seeking to predict the response of belowground ecological processes to extreme drought. 
Our results showed that the effects of extreme drought on belowground productivity varied among grassland ecosystems and soil layers. First, we only found significant responses of root biomass down to 20 cm, but not in 20-40 cm soil layer, suggesting that extreme drought mainly affects relatively shallow belowground productivity and plant allocation to roots, consistent with the limited previous studies (Frank 2007; Prechsl et al. 2015). However, in mesic grassland ecosystems, drought can stimulate root growth below 20 cm, such as site E in our study where root biomass increased during drought in 20-40 cm (Fig. 1). Thus, it may be necessary to study the effects of extreme drought in deep soils, especially for some ecosystems with higher precipitation (Frank et al. 2010). Second, although total belowground productivity showed no response to extreme drought, this hides the fact that extreme drought altered belowground productivity significantly in the different soil layers. This has not been previously shown in other studies, to our knowledge. In the top 10 cm, belowground productivity increased by extreme drought in the four relatively arid sites and decreased in the two relatively mesic sites, but the reverse pattern was observed in 10-20 cm. In the two relatively mesic sites, the relative decline in soils moisture was similar in the 0-10 cm and 10-20 cm soil layers and absolute soil moisture levels in the droughted soils were greater in 10-20 cm. In these more mesic ecosystems where there is some limited water storage in deeper soil horizons, this response may improve a plant’s access to water and as the top soil moisture contents decline more rapidly (Garwood & Sinclair 1979). In contrast, in the four relatively arid sites, the relative reduction of soil moisture was greater in 10- 20 cm resulting in lower water availability compared with the topsoil. This may explain the reduction in average rooting depth in the arid ecosystems, with the greater top soil root growth also potentially allowing plants to rapidly acquire any rain that does fall, and which is unlikely to infiltrate into the deeper soil layers. Thus, plants allocated more root biomass in the topsoil in arid regions because this allowed them to acquire the limited water during drought in the arid regions (McColl et al. 2017). Our results suggest that species growing in arid versus mesic grasslands respond very differently to extreme drought in terms of altering their rooting distribution vertically. Theses pattern reflect the different vertical changes in water availability that occur in these contrasting ecosystems, and may represent an ecological or evolutionary response. Such an important role of soil water variability for belowground productivity has also been observed in previous studies (Gaujour et al. 2012; Poorter et al. 2012; Padilla et al. 2013). Overall, we conclude that extreme drought has greater effects on vertical rooting distribution than on overall root productivity in these grasslands but that the nature of the rooting depth response depends strongly on how arid the ecosystem is.
Understanding the relationship between ecosystem production and environmental factors will be critical in predicting how terrestrial ecosystems will respond to changes in drivers such as precipitation (Padilla et al. 2019; Wang et al. 2019; Zhang et al. 2019b). ANPP has been shown to increase across biomes with increasing MAP (Bai et al. 2004; Huxman et al. 2004). However, it is still unclear whether belowground primary productivity is also positively related to MAP at large spatial scales. In this study, we found that both root biomass and BNPP increase with MAP in all studied soil layers across 6 grasslands in control plots (Fig. 4). These results indicate that water might be the most limiting factor for belowground productivity in grassland ecosystems at large spatial scales. However, we also found that the slope was higher for shallow soil depths than for deeper soil depths, suggesting that the impact of MAP decreases with soil depth. Few studies have investigated the relationship between MAP and belowground productivity in different soil layers. An experimental study showed BNPP increased with the increase of precipitation and the slope was lower in deep soils within a given system (Zhang et al. 2019a), which was consistent with what we observed across this precipitation gradient. Thus, we conclude that precipitation is a determinant of belowground productivity of grassland ecosystems at large spatial scales, especially at shallow soil depths. 
Extreme drought impacted belowground productivity differently across grassland ecosystems and soil layers, which might alter the relationships between root biomass, BNPP and MAP. In this study, we did find that the slopes of the relationships decreased in 0-10 cm and increased in 10-20 cm, suggesting that the sensitivity of belowground productivity to precipitation change at spatial scale would decrease under extreme drought in top soil compared to the deeper soil. Thus, extreme drought might change the spatial allocation of belowground productivity differently in different soil layers. However, the positive relationships between belowground productivity and MAP were not altered by extreme drought, suggesting that the relationship between productivity and MAP was very strong at spatial scale. In addition, as the result of the opposite response of top soil and deep soil, extreme drought did not affect the slopes of the relationships for the entire studied soil layer, suggesting that extreme drought would not change the relationship between belowground productivity and precipitation at spatial scale. 
Our results also imply that the current ecosystem models seeking to predict carbon uptake, allocation, and plant growth should integrate the dynamic responses of root to drought in order to accurately simulate the terrestrial ecosystem carbon cycle (Ostle et al. 2009; Iversen 2014). The majority of terrestrial ecosystem models integrate a static asymptotic fine root distribution (Warren et al. 2015), which simulates an exponentially decrease in root distribution with soil depth, and unchanged vertical distribution of BNPP with soil moisture (Jackson et al. 1996). However, our results highlight the strong impacts of soil moisture on the vertical distribution of root biomass and BNPP, and which is also spatially and temporally variable. If they ignore the vertical responses of root biomass to drought, the models will overestimate negative impacts of drought on vegetation growth. In addition, the uncertainties in simulating root distribution will reduce the accuracy of reproducing the vertical distribution of root litter fall, which impacts substantially the estimates of soil respiration (Xu & Yuan 2017). It is therefore urgently necessary to include roots in models dynamically responding to the heterogeneity of soil moisture, in order to better represent the response of plant root systems to changes in the environment and reflects their ability to reduce the impacts of the drought on their access to water (Matamala & Stover 2013).
In summary, we studied the effects of extreme drought on spatial and vertical allocation of belowground productivity by imposing identical experiments in six grasslands along a precipitation gradient in China. There are two main results from this study: 1) The significantly positive relationships between belowground productivity and MAP under both control and extreme drought conditions indicates that precipitation is a determinant of belowground productivity as it is of aboveground productivity (Shi et al. 2014), further confirming that precipitation is an important factor affecting grassland primary productivity at large spatial scales. 2) The responses of belowground productivity to extreme drought differ substantially across ecosystems and soil layers. Belowground productivity increased in the shallow soil layer and decreased in the deeper soil layer in the four relatively arid sites, while the opposite pattern occurred in the two relatively mesic sites. These changes in root biomass and BNPP follow the same pattern as changes in soil moisture by depth. Our results indicate that grasslands maintain the belowground productivity mainly through the change of the vertical distribution in the face of extreme drought, rather than the total abundance of roots. We found that a greater amount of belowground productivity was allocated in the shallow soil layer in the four relatively arid sites grasslands, which might increase the sensitivity of these ecosystems to drought because the shallow-rooted species are much more sensitive to changing precipitation (Huxman et al. 2004; Knapp et al. 2008). As a result, extreme drought may not alter the overall relationship between precipitation and total belowground grassland productivity across large spatial scales, but may alter the vertical root distribution through the soil profile in some of those systems. 
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Figure legends
Figure 1 Effects of drought on root biomass. 0-40 cm soil layer (a), 0-10 cm soil layer (b), 10-20 cm soil layer (c) and 20-40 cm soil layer (d). The error bars represent the standard error of mean, n=6. * P < 0.05, ** P < 0.01, *** P < 0.001. The sites (A-F) were ranked by annual mean precipitation from low to high, see the detail information in Table S1. 
Figure 2 Effects of drought on belowground net primary production (BNPP). 0-20 cm soil layer (a), 0-10 cm soil layer (b) and 10-20 cm soil layer (c). The error bars represent the standard error of mean, n=6. * P < 0.05, ** P < 0.01, *** P < 0.001. The sites (A-F) were ranked by annual mean precipitation from low to high, see the detail information in TableS1.
Figure 3 Relationships between response ratio (RR) of soil moisture and belowground productivity to extreme drought at reginal scale. RR of root biomass (a) and RR of belowground net primary production (BNPP) (b). Each red and blue circle represent the values in 0-10 cm and 10-20 cm soil layers respectively at each site in each studied year. The red and blue solid lines represent the significantly linear regression in 0-10 cm and 10-20 cm soil layers respectively.
Figure 4 Relationships between mean annual precipitation (MAP) and belowground productivity. Root biomass (a), belowground net primary production (BNPP) (b), the slope of MAP-root biomass regression (c) and MAP-BNPP (d). Circle and square represent the treatments of control and extreme drought respectively. The solid and dashed lines represent significantly linear regression for control and extreme drought. The colors of red, green, blue, yellow and purple represent the soil layers of 0-10 cm, 10-20 cm, 20-40 cm, 0-20 cm and 0-40 cm respectively. The error bars represent the standard error of the slopes, * P < 0.05, ** P < 0.01, *** P < 0.001.
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