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Soil compaction due to field trafficking involves a complex interplay of machine-soil properties. In contrast to previous studies simulating worst field scenarios, this two-year field experiment investigated the effects of traffic-induced compaction involving moderate machine operational specifications (axle load, 3.16 Mg; mean ground contact pressure, 77.5 kPa) and lower field moisture contents (< field capacity) at the time of trafficking on soil physical properties, spatial root distribution, and corresponding maize growth and grain yield in sandy loam soil. Two compaction levels, i.e. two (C2) and six (C6) vehicle passes, were compared with a control (C0). Two maize (Zea mays L.) cultivars, i.e. ZD-958 and XY-335, were used. Results showed topsoil (< 30 cm) compaction with increases in bulk density (BD) and penetration resistance (PR) up to 16.42% and 127.76%, respectively, in the 10-20 cm soil layer in 2017. Field trafficking resulted in a shallower and stronger hardpan. An increased number of traffic passes (C6) aggravated the effects, and the carryover effect was found. Higher BD and PR impaired root proliferation in deeper layers of topsoil (10-30 cm) and promoted shallow horizontal root distribution. However, XY-335, compared with ZD-958, showed deeper root distribution under compaction. Compaction-induced reductions in root biomass and length densities were respectively up to 41% and 36% in 10-20 cm and 58% and 42% in the 20-30 cm soil layer. Consequent yield penalties (7.6%-15.5%) underscore the detriments of compaction, even only in topsoil. In crux, despite their low magnitude, the negative impacts of field trafficking under moderate machine-field conditions after just two years of annual trafficking foreground the challenge of soil compaction.
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1 Introduction

Soil compaction is a component of soil degradation ‘syndrome’ (Batey, 2009), which plays a role as a causal agent in many soil-related problems such as soil erosion, nutrient depletion, pollution (Hartemink, 2008), and greenhouse gas emissions (Gregorich et al., 2014). Vehicular traffic, a major cause of soil compaction on arable lands, has been revolutionized in past decades. The size and weight of agricultural machinery have been tremendously increased, aggravating the problem of soil compaction by increasing the severity and depth of compacted zone (Chamen et al., 2015; Sivarajan et al., 2018). Most previous studies targeted or simulated highly vulnerable or worst-case scenarios. However, very few studies focused on moderate scenarios such as moderate operational characteristics of machines and relatively better field conditions at the time of trafficking.

The location and extent of traffic-induced compaction are results of a complex interplay of intrinsic soil properties, field conditions under which trafficking takes place, and the specifications of employed machinery. Generally, subsoil compaction is controlled by axle load, whereas topsoil compaction is governed by ground contact pressure (Botta et al., 1999 and Duiker, 2004b; Botta et al., 2008). The other two important factors that govern the extent of compaction are soil properties (such as texture, organic matter, mechanical strength, and tilth (de Lima et al., 2017)) and soil moisture at the time of wheeling (Hamza and Anderson, 2005; Batey, 2009). Studies simulating worst conditions for compaction usually apply traffic at moisture contents greater than or near field capacity (Sidhu and Duiker, 2006). While trafficking in highly moist field conditions might be ineluctable under certain cropping systems or regions, it is not necessarily the case in most cereal cropping systems in arid and semi-arid regions.

Huang-Huai-Hai (HHH) region, where summer maize and winter wheat are the dominant crops, accounts for almost 70% of the total maize cropping area in North China (Meng et al., 2006). Common tillage practices of rotary (in wheat) and reduced tillage (in maize) and increased farm mechanization in this region have posed a serious threat of traffic-induced compaction (Feike et al., 2012; Zhai et al., 2017). The average plough pan depth in the HHH region is just 17.2 cm, which is almost the same as China’s national average of 16.5 cm but much shallower compared to 35 cm in the USA. Previously, compaction has been investigated more in Northeast China (Cai et al., 2014) where soils are mostly Mollisols; but relatively less information is available regarding HHH despite being prone to more field trafficking due to the double cropping system.

Reduced root growth and altered root distribution due to compaction severely hinder the effective utilization of nutrients and moisture (Bengough et al., 2006; Schjønning et al., 2016a). Consequently, the growth and functions of the aboveground plants are adversely affected effectuating yield reductions (Tubeileh et al., 2003; Shah et al., 2017). However, a vast variation among results exists. A study in Europe observed that compaction-induced yield penalties ranged from approximately half the production of uncompacted land to positive effects (Hallett et al., 2012). Similarly, while compaction-induced yield penalties of up to 43% in maize are reported (Voorhees, 2000), some studies suggested no significant differences in maize yield due to increased traffic (Gelder et al., 2007; Sivarajan et al., 2018). These conflicting findings are mainly due to the complexity and multi-disciplinary nature of the compaction problem, where prevailing conditions during traffic play an essential role (Soane and Ouwerkerk, 1994).

A vast majority of the previous experiments on compaction tended to simulate worst-case scenarios, and some of these studies acknowledged that these conditions do not represent the farmers’ field (Duiker, 2004a; Sidhu and Duiker, 2006). While these scenarios justify the needs and the prevailing state of mechanized farming in relevant study areas (for instance in Europe), the extrapolation of outcomes from these studies becomes limited. Hence, field trafficking employing moderate-to-low axle weight and performed at field moisture contents lower than field capacity on sandy loam soil was investigated to elucidate its impacts on soil physical properties, maize root distribution and consequently on maize growth and yield. Anticipation was that it can help assess the potential threat of compaction at farmers’ field under moderate trafficking conditions and whether planning traffic in better field conditions can mitigate soil compaction.




2 Materials and methods



2.1 Site description and experimental design

The experiment was conducted in the summer maize growing seasons of 2016 and 2017 at the Science and Technology Demonstration Garden of the Chinese Academy of Agricultural Sciences located in Langfang (39°07’ N, 116°23’ E), Hebei Province, China. The study site falls in the HHH region of China. The soil texture of the experimental field was sandy loam with 63.7% sand, 21.4% silt, and 16.9% clay. Before starting the experiment, soil bulk density (BD) at 0-15 and 15-30 cm soil layers were 1.37 and 1.46 g cm-3. The soil organic matter, total nitrogen, alkaline-extractable nitrogen, available phosphorus, available potassium, and pH from 0-20 cm soil layer were 6.49 g kg-1, 0.63 g kg-1, 51 mg kg-1, 15.7 mg kg-1, 68.3 g kg-1, and 7.71, respectively, at the onset of this experiment in 2016. The daily average temperature and precipitation during two growing seasons of maize are shown in Figure 1.




Figure 1 | The daily average temperature and daily precipitation during summer maize growing seasons in 2016 (A) and 2017 (B).



The experiment was designed as a randomized complete block under a split-plot arrangement with three replicates. Traffic-induced soil compaction treatments were allotted in main plots, i.e., two-vehicle passes (C2) and six vehicle passes (C6). In contrast, no vehicle pass was considered as control (C0). Two high yielding maize hybrids, i.e., Zhengdan-958 (ZD) and Xianyu-335 (XY), were sown in split plots, each with a net size of 9.6 m × 3.6 m. Maize was hand sown with 40 and 22.5 cm interplant distance in 2016 and 2017, respectively. Low planting density in 2016 was adopted to accommodate the pre-planned (spatial) sampling methodology considering the anticipated crop response; however, recommended planting density was adopted in 2017 after observing the crop response in 2016. Sowing and harvesting were done respectively on 2nd July and 3rd November in 2016 and on 13th June and 13th October in 2017. Fertilizers at rates of 200 kg N ha-1 (as urea), 75 kg P2O5 ha-1 (as superphosphate), 100 kg K2O ha-1 (as potassium sulfate), and 30 kg ZnSO4 ha-1 were applied in 2016. In 2017, the fertilizers were applied at the rate of 300 kg N ha-1, 120 kg P2O5 ha-1, 135 kg K2O ha-1, and 30 kg ZnSO4 ha-1. All P, K, and Zn fertilizers (30% in 2016) or (33% in 2017) of N fertilizer were applied at sowing. The rest of N was applied in two splits at V6 (40%) and V12 (27%-30%) stages. The fallow period was observed after the maize harvest. Recommended agronomic practices were followed and no irrigation was used.




2.2 Traffic-induced compaction treatment setup

The vehicle employed for compaction purpose was a 60-kW wheel loader, i.e., LG-930 (Shandong Lugong Industry Machinery Co. Ltd.), with a total mass of 5.26 Mg (heavier than normal field tractors used in the region). The load distribution was 60% on the rear axle and 40% on the front axle. All tires were pneumatic tires with a similar size, i.e., 360/70R24 (36 cm tire width, 110.4 cm outer diameter), and were inflated to 120 kPa. The ground contact area of a tire was 0.20 m2, calculated as described by Schäfer-Landefeld et al. (2004). The mean ground contact pressure (MGCP) was calculated as (Duiker, 2004a):



where WL is the load per wheel (kN) and A is the tire contact area (m2). The MGCP of the wheel that exerted the maximum stress during a given vehicle pass was 77.5 kPa.

For setting up traffic-induced compaction treatments, adjacent wheel-beside-wheel passes of vehicles were carried out in main plots (74.88 m2 excluding buffer zones) in such a way that the whole plot area received the same number of vehicle passes as specified for each treatment. Vehicle passes were zero, two, and six in C0, C2, and C6, respectively. Before the experiment in 2016, the whole experimental area was deeply tilled to a depth of 25 cm using a chisel plough (to remove any previous compaction). Then on June 25, wheel trafficking was performed wheel-beside-wheel across the main plot width. Moisture contents of 0-50 cm soil profile at wheel trafficking was 10.35%-11.75% (w/w) lower than the field capacity. In 2017, no deep tillage was done before wheel trafficking; however, two passes of 10-cm shallow rotary tillage were carried out followed by very light irrigation keeping in view the lesser rain occurrence in preceding months compared to 2016. Afterward, compaction treatments were applied in the same plots and manner on June 8, 2017; and moisture contents of 0-50 cm soil profile ranged 13.75%-14.5% (w/w), which were still lower than the field capacity. One pass of rotary tillage to 10 cm depth was carried out just before sowing to ensure proper germination in both years.




2.3 Soil sampling and measurements

The soil BD was determined for each 10-cm soil layer to a depth of 50 cm using the core method and following equation (Blake and Hartge, 1986) at 77 and 88 days after sowing (DAS) in 2016 and 2017, respectively.



The total porosity (TP) was calculated as described by Flint and Flint (2002) using following equation:



where φ is total porosity; ?b is the dry bulk density; and ?p. the particle density of soil. Particle

density of the soil was assumed as 2.65 g cm-3.

The penetration resistance (PR) was recorded using hand held digital cone penetrometers (Schäfer-Landefeld et al., 2004; Mu et al., 2016) at 116 and 98 DAS in 2016 and 2017, respectively. Due to unavoidable reasons, two different cone penetrometers were used in the two years. PR values were recorded using a cone-tipped (0.01128 m diameter and 60° angle) penetrometer (Eijkelkamp Agrisearch Equipments, Giesbeek, The Netherlands) up to 80 cm depth in 2016 and a depth of 45 cm at 2.5 cm interval in 2017 using cone-tipped (0.0125 m base diameter and 30° stainless steel cone) digital penetrometer (Field Scout, SC 900 Soil Compaction Meter; Spectrum Technologies, Inc., Plainfield, IL, USA). PR values at depths deeper than 45 cm in 2016 were not considered in analyses of PR values. Six replicate measurements of PR were recorded for each inter-and intra-row position within a plot (Figure 2A). The mass-based gravimetric soil moisture contents (g g-1) were also determined for each 10-cm layer to a depth of 50 cm. As the moisture contents at the time of PR measurements were uniform, the PR data were not adjusted for soil moisture content (Gregorich et al., 2011).




Figure 2 | The illustrations of sampling/measurement of soil parameters within experimental plot (A) and root sampling method (B).



For statistical analysis, the PR values were averaged across 10-cm layers. Furthermore, PR measurements were also analyzed for the following soil resistance indices (Tekeste et al., 2008; Sivarajan et al., 2018): average PR up to 45 cm (APRFP); maximum PR value (PRMAX); depth to maximum PR value (DMPR); depth to the top of the hardpan layer (DTHP); corresponding PR value at the top of the hardpan layer (PRTHP); and average PR in hardpan layer up to 45 cm (APRHP). Depth from the soil surface to the depth of maximum PR in 0-45 cm soil profile was considered as depth to full PR. The start of the hardpan layer was assumed where PR value increased rapidly with the change in slope. Average PR from the top of the hardpan layer up to 45 cm was treated as average PR in the hardpan. The relation of BD and PR to crop variables in 0-30 cm soil layers (topsoil) were calculated by taking weighted means of the corresponding values of 0-10, 10-20, and 20-30 cm layers using weights of respectively 2, 2, and 1 (Gregorich et al., 2011).

At 68 and 70 DAS in 2016 and 2017, water-stable aggregate size distribution (WASD) was determined for inter and intra row positions (Figure 2A) as described by Cambardella and Elliott (1993) and Nimmo and Perkins (2002). Briefly, a 50 g air dried subsample was wet sieved through three nested sieves (in order from the top) of 2, 0.25, and 0.053 mm. The soil was evenly spread on top of the nest of sieves and suspended in the distilled water for five minutes. Afterward, sieves were moved 3.8 cm vertically through the water at 30 cycles per minute for 10 minutes. The soil that remained on each sieve was collected and dried. Resultantly, four aggregate size fractions were obtained which were (i) >2 mm (large macroaggregates), (ii) 0.25–2 mm (small macroaggregates), (iii) 0.053–0.25 mm (microaggregates), and (iv) <0.053 mm (silt and clay-size particles). Sand corrections were made using sodium hexametaphosphate as dispersing agent (Nimmo and Perkins, 2002). For the mathematical representation of WASD, the mean weigh diameter (MWD) was calculated as (Kemper and Rosenau, 1986):



where   is the arithmetic mean diameter of each size fraction (mm); wi is the proportion of the total water-stable aggregates in the corresponding size fraction, and n is the number of all size fractions.




2.4 Plant sampling and measurements

Three plants from each plot were harvested at 35, 63, and 112 DAS in 2016 and at 33, 45, 65, and 96 DAS in 2017 to determine green leaf area index (LAI) and aboveground biomass (AGB). Length (L) and maximum width (W) of each green leaf was used to calculate leaf area (LA) (Montgomery, 1911):



LAI was calculated as:



where LA is the leaf area (m2 plant-1) and PD is the planting density (plants ha-1). Afterward, the plants were separated into leaves, sheaths, stem, cob husk, and ear and oven-dried to a constant weight at 70°C for AGB estimation.

Furthermore, the final AGB was determined at physiological maturity by harvesting six representative plants from the central harvest area of each plot. Ears were carefully removed and husks were included in stover. Grain yield and yield components were determined by manually harvesting ears from five 3-m long rows of harvest area. Grain moisture contents were measured and grain yield was reported at 15.5% moisture content. The number of kernels per ear were recorded from six ears, and the weight of 100 kernels was determined by oven-drying at 70°C.

In 2017, root sampling was done at 78 DAS as per the three-dimensional (3D) spatially distributed soil monolith excavation method (Figure 2B). From each 10 cm soil layer, 12 soil monoliths, each of 10×10×10 cm3 volume were excavated from an area of 60 cm × 20 cm with a plant positioned at the center, and sampling was done to a depth of 50 cm. Roots were washed and collected from each monolith after the soil passed through a 0.5 mm sieve using a hose and nozzle attachment. Roots were then scanned using a scanner (Epson V700, Germany) and the images obtained were analyzed for root length using WinRhizoPro 5.0 software (Regent Instruments Inc., Quebec, Canada). Afterward, root samples were oven dried at 70°C. Root mass density (RMD) (Mu et al., 2016) and root length density (RLD) (Liu et al., 2017) were calculated as:





Root distribution ratios, i.e., root dry weight ratio (RDR), and root length ratio (RLR) were calculated by dividing root dry weight or length in each soil layer by total root dry weight or length, respectively (Osaki et al., 1995). Furthermore, visual observations were also recorded for visible root growth and penetrability by digging trenches and excavating whole root systems.




2.5 Statistical analysis

One-way analysis of variance (ANOVA) with Fisher’s least significance (LSD) tests at a significance level of P < 0.05 was used to evaluate all the data. The uniformity and normality of the variances were determined using the Levene and Shapiro-Wilk tests prior analysis. Data were subjected to the analysis of variance (ANOVA) using the Proc GLM procedure of SAS, Version 9.2 (SAS Institute Inc. Cary, NC, USA). Years were analyzed separately because of the difference in compaction treatment intensity (i.e., 1 year vs. 2 years of compaction) and due to changes in planting density. Compaction levels, cultivars, and their interaction were taken as fixed effects in the model, whereas experimental blocks and their interaction were considered random effects. Furthermore, appropriate error terms were used for hypothesis testing for main plots, sub-plots, and their interaction effects. Appropriate comparisons were made for interaction effects wherever significant. Spatial distribution of root length was visualized using Surfer16.0 software (Golden Software LLC, CO, USA). Correlation and regression analyses were performed using the R program and SigmaPlot, Version 12.5 (Systat Software Inc., Chicago, IL, USA).





3 Results



3.1 Soil variables



3.1.1 Bulk density

The effect of traffic-induced compaction on soil BD is shown in Table 1. With the increase in compaction level, BD significantly increased (i.e., C6 > C2 > C0) at 10-30 cm and 0-30 cm soil layers in 2016 and 2017, respectively. The most significant effect on BD was observed in the 10–20 cm soil layer, where compaction-caused increases, in comparison with control, were 8.96–12.69% in 2016 and 14.18–16.42% in 2017, respectively.


Table 1 | The mean values of soil bulk density at various soil depths for three compaction levels in 2016 and 2017.






3.1.2 Penetration resistance

Averaged PR values for each 10-cm soil layer, measured at intra-row positions (Figure 3) show that PR values in 2016 were significantly lower for control only in the top two 10-cm layers, whereas significantly lower PR values in control were found in 0-10, 10-20, and 20-30 cm layers in 2017. The most prominent difference was seen in 10-20 cm layer where C2 and C6 recorded respectively 91.40% and 127.76% higher PR in 2017. Compaction significantly increased APRFP and APRHP but decreased the DTHP in both years, and all studied PR indices except DMPR were influenced by compaction in 2017 (Figure 4). C6 treatment recorded maximum APRFP and APRHP. Compaction not only moved the hardpan to shallower depths (up to 34% decrease in DTHP over control) but also increased soil strength at the top of the hardpan (up to 58% increase in PRTHP over control) and within the hardpan (up to 24% increase in APRHP over control).




Figure 3 | Soil resistance to penetration with depth under different compaction treatments in 2016 (A, B) and 2017 (C, D) at intra- and inter-row positions, respectively. Symbols represent mean values of different compaction treatments at each depth; error bars represent standard error of means. Treatments: C0, control; C2, two traffic passes; C6, six traffic passes. *, and ** indicate significant differences within the same soil layer at respectively p < 0.05, and p < 0.01 as per ANOVA results; ns indicates no significant difference.






Figure 4 | Comparison of penetration resistance indices under different compaction treatments with control considering their relative values at intra- (A, B) and inter-row (C, D) positions and average (E, F) in 2016 (A, C, E) and 2017 (B, D, F), respectively. Treatments: C0, control; C2, two traffic passes; C6, six traffic passes. Penetration resistance (PR) indices: APRFP, average PR up to 45 cm; PRMAX, maximum PR value; DMPR, depth to maximum PR value; DTHP, depth to the top of the hardpan layer; PRTHP, corresponding PR value at the top of the hardpan layer; APRHP, average PR in hardpan layer up to 45 cm.






3.1.3 Soil moisture and aggregate size distribution

The soil moisture contents did not vary significantly among treatments at any soil depth except at 10-20 and 30-40 cm layers in 2017, where the maximum difference was just 0.017 g g-1 (Figure 5). In both years, MWD was not significantly affected by treatments; however, average values of MWD appeared to be higher in control for an intra-row position in 0-10 cm (only in 2016) and 10-20 cm (in both years) soil layers than that in C2 or C6 (Figure 6).




Figure 5 | Soil moisture contents with depth under different compaction treatments in 2016 (A) and 2017 (B). Symbols represent mean values of different compaction treatments at each depth; error bars represent standard error of means. Treatments: C0, control; C2, two traffic passes; C6, six traffic passes. *, and ** indicate significant differences within the same soil layer at respectively p < 0.05, and p < 0.01 as per ANOVA results; ns indicates no significant difference.






Figure 6 | Mean weight diameter of water-sTABLE aggregates with depth under different compaction treatments in 2016 (A, B) and 2017 (C, D) at intra- (A, C) and inter- (B, D) row positions, respectively. Symbols represent mean values of different compaction treatments at each depth; error bars represent standard error of means. Treatments: C0, control; C2, two traffic passes; C6, six traffic passes. ns indicates no significant difference as per ANOVA results.







3.2 Plant Variables

Like soil variables, no significant interaction effect on plant variables was found in general.



3.2.1 Leaf area index and aboveground dry matter

Compaction treatments showed no significant effect on LAI in 2016; however, significant effects were observed in 2017, mainly at early crop growth stages (Figure 7). LAI in C6 was significantly lower than those in statistically similar C0 and C2 by respectively 23.45% and 14.62% at 33 DAS and 12.84% and 11.84% at 45 DAS for 2017. Meanwhile, ZD tended to have higher LAI than XY at most growth phases in two years.




Figure 7 | Leaf area index for different compaction treatments (A, C) and cultivars (B, D) at various growth stages in 2016 (A, B) and 2017 (C, D), respectively. Symbols represent mean values of different treatments; error bars represent standard error of means. Treatments: C0, control; C2, two traffic passes; C6, six traffic passes; ZD, Zhengdan-958; XY, Xianyu-335. *, **, and *** indicate significant differences within the same growth stage at respectively p < 0.05, p < 0.01, and p < 0.001 as per ANOVA results; ns indicates no significant difference.



Significantly lowest aboveground dry matter (ADM) was found in C6 than in C0 and C2. Compared with control in 2017, ADM in C2 and C6 were 11.69% and 19.03% lower, respectively. For maize variety, XY tended to have higher ADM than ZD at most of the growth phases in 2017.




3.2.2 Root growth and distribution

Root investigation in 2017 revealed that compaction substantially impaired root growth and altered root distribution within the soil. Compared with the control (C0), the per plant root dry matter and length were respectively 24.09% and 28.33% less in C6 (Figure 8). 3D spatial distribution of root length also indicated that compaction not only reduced root growth but also promoted horizontal root proliferation (Figure 9).




Figure 8 | Root dry matter (A, B) and root length (C, D) with soil depth under different compaction treatments and cultivars, respectively, in 2017. Symbols represent mean values of different treatments at each depth; error bars represent standard error of means. Treatments: C0, control; C2, two traffic passes; C6, six traffic passes; ZD, Zhengdan-958; XY, Xianyu-335. *, **, and *** indicate significant differences within the same soil depth at respectively p < 0.05, p < 0.01, and p < 0.001 as per ANOVA results; ns indicates no significant difference.






Figure 9 | Three-dimensional distribution of root length under different compaction treatments and cultivars in 2017. Root length values are mean of three replicates. X-axis and Y-axis represent inter- and intra-row directions, whereas the red dot represents the plant position. Treatments: C0, control; C2, two traffic passes; C6, six traffic passes; ZD, Zhengdan-958; XY, Xianyu-335.



Regarding vertical root distribution, the reductions in RMD and RLD due to compaction increased with increasing soil depth (Table 2). In the 20-30 cm soil layer, C0×XY had significantly higher RMD, followed by statistically similar C0×ZD and C2×XY. Compared with C0, RLD was 80.46% lower in the 30-40 cm layer under C6. Compared with control, C2 and C6 had higher RDR and RLR in the 0-10 cm soil layer; however, RDR and RLR decreased as compaction levels increased at all other soil depths (Table 3). The RLR in 10-20 cm soil layer was highest in C0×ZD followed by C2×XY; however, compaction did not significantly reduced RLR for XY in this layer. In 30-40 cm soil layer, RLR was highest in C0×XY and significant reductions were observed under compaction. Visual observations regarding root growth and penetrability revealed that generally more roots were visible at deeper soil depths in C0 as compared to C2 and C6 suggesting reduced root growth and penetrability under compacted treatments (Figure 10). Regarding cultivars, XY appeared to have deeper roots than ZD under all compaction levels.


Table 2 | Aboveground dry matter accumulation for three compaction levels and two maize cultivars at different plant growth stages in 2016 and 2017.




Table 3 | Mean values of root dry weight and length ratios in different soil layers for three compaction levels and two maize cultivars at grain filling stage in 2017.






Figure 10 | Excavated whole roots (A, B) and depth to visible roots in trench (C–E) under different compaction treatments. Root growth under different compaction levels (C0, control; C2, two traffic passes; C6, six traffic passes) is shown in (A, B) for the two maize cultivars XY (Xianyu-335) and ZD (Zhengdan-958), respectively. Depths to visible roots after digging trench in middle of two maize rows for C0, C2, and C6 are shown in (C–E), respectively.






3.2.3 Grain yield and yield components

Kernels per ear were not affected by compaction in 2016; however, kernels per ear were 18.67% higher under C0 than those under C6 in 2017 (Table 4). ZD had higher kernels per ear than XY in both years. Compaction did not affect 100-kernels weight in both years; however, XY recorded a 10.14% higher 100-kernels weight than ZD in 2017. Though not significant, HI was highest in C2.


Table 4 | Ear number, kernel number (per ear and per unit area), 100-Grain weight (oven dry), grain yield (15.5% moisture), and harvest index for three compaction levels and two maize cultivars in 2016 and 2017.



There were significant differences among compaction treatments for grain yield in both years; however, the trend and magnitude of differences were not the same in the two years. In 2016, the lowest recorded yield (in C0×XY) was 9.23% lower than the highest recorded yield (in C2×ZD). Averaged across cultivars, grain yield in C2 was 6.43% and 5.70% higher than that in C0 and C6, respectively. In 2017, however, yield reductions in C2 and C6 treatments were 7.58% and 15.50%, respectively, compared with control. C0×XY recorded the highest grain yield (15.82 Mg ha-1), whereas C6×ZD recorded the lowest yield in 2017.






4 Discussion



4.1 Locale of soil compaction

In the field machinery operation, subsoil compaction is controlled by axle load, whereas topsoil compaction is governed by ground contact pressure (Botta et al., 1999 and Duiker, 2004b; Botta et al., 2008). A recent study on sandy loam soils concluded that approximately 3 Mg wheel load (6 Mg axle load) is the upper threshold limit to avoid subsoil compaction at highly inflated tire pressure (Schjønning et al., 2016b). Thus, in this study, the low axle load (3.16 Mg) used did not cause any subsoil compaction, but it induced compaction (as indicated by BD and PR) in the topsoil (0-30 cm) profile. Sweeney et al. (2006) also did not find the effect of wheel traffic below 20 cm soil depth. Meanwhile, the compaction in the surface soil layer (0-10 cm) was somewhat mended by a single pass of rotary tillage performed just before sowing, only leaving effective compaction in 10-30 cm soil layers. Therefore, soil tillage has the potential to mitigate soil compaction (Shen et al., 2016), which is further assisted by natural freeze-thaw cycles (Sivarajan et al., 2018) and other factors like drying-wetting of soil and functions of soil biota (Schjønning et al., 2016a).




4.2 Number of traffic passes and carryover effect

Initial traffic passes caused significant damage as the increase in BD after two vehicle passes (C2) was 71%-86% of the maximum increase observed under six vehicle passes (C6) in the 10-20 cm layer (Table 1). Generally, much of the compaction occurs after the first pass (Duiker, 2004a). However, a significant difference between C2 and C6 in 0-30 cm soil profile in 2017 pointed toward the harmful effects of repeated traffic (Botta et al., 1999). The impact of multiple passes was also evident from the fact that C6 differed significantly from C0 even in the 0-10 cm layer, where tillage alleviated much of the traffic-induced compaction. More pronounced effects of field trafficking in 2017 can be attributed partly to the residual effects of field traffic in the previous year, as effects of compaction can be persistent even in upper 30 cm soil layers (Berisso et al., 2012). Gregorich et al. (2011) also pointed out the carryover effect of traffic on PR. Moreover, relatively higher soil moisture content at the time of field trafficking in 2017 and the absence of deep plowing before traffic application, in contrast to 2016, might have contributed to more pronounced effects in 2017.




4.3 Effect on penetration resistance and soil hardpan

PR is well-known to evaluate mechanical impedance to root development (Keller et al., 2015; de Lima et al., 2016). In the current study, the PR values surpassed 2 MPa value at soil depths below 20 cm, even under C0. The PR value of 2 MPa is often considered a critical value that limits root growth (da Silva et al., 1994); however, many studies have disputed this by considering different critical values (Lipiec and Hatano, 2003; Botta et al., 2004; Chen et al., 2014). In this study, relatively lower moisture contents explain the range of PR measurements (Figure 5). Similar to those in this study, low moisture contents led to higher PR values than often reported critical values (Botta et al., 2016). Due to factors like compression beneath and around the penetrometer tip, which can be more important under low moisture contents, and the dependency of the force of penetration on soil density, the trend in the angle of internal friction is that soil resistance increases as the moisture level decreases (Botta et al., 2016). In addition to the substantial influence of BD, moisture contents, and soil texture, the interaction between soil and cone penetrometer can also affect PR values (Lunne et al., 1997), as suggested by the slight variation in two years’ values involving two different penetrometers. Hence, the PR values, including the often-quoted critical value, should not be read exclusively while considering the impact on plant growth as damage to plant roots can be less than suggested by these values. However, looking more profound than mere PR values, the PR profiles can help assess the overall growing conditions surrounding the root. Various PR indices, such as used in this study, are often used to characterize hardpan and evaluate the effects of field traffic on soil PR (Tekeste et al., 2008; Sivarajan et al., 2018). The slight variations at inter and intra row positions for PR indices suggested the effects of roots and root activity. The PR indices indicated that field trafficking resulted in shallower and stronger hardpan entailing difficulty in root penetration. Nevertheless, PR measurements were complemented by investigating root parameters and crop variables due to the reasons commented above.




4.4 Severity of compaction under dry field conditions

No significant effect of trafficking on MWD suggests that traffic-induced compaction was not so severe to deform soil aggregates substantially (Figure 6). A plausible reason is low soil moisture level at the time of trafficking because the extent of aggregate deformation is strongly associated with wetter soil conditions (Wolkowski, 1990; Batey, 2009; Shah et al., 2017). Moreover, the soil type was sandy loam, and wet clayey soils are usually more prone to severe compaction effects than dry sandy soils.




4.5 Differences in crop response to field traffic in first and second year

Though the crop response to field traffic in 2016 seems to contradict general anticipation and what was observed in 2017, it is not inexplicable or unexampled. Some studies also found no significant effect of traffic-induced compaction on maize yield (Gelder et al., 2007; Sivarajan et al., 2018). In current study, the soil was deeply ploughed to approximately 25 cm before applying field traffic in 2016. This was exactly the case in series of experiments analyzed by Arvidsson and Håkansson (2014). They found some evidence about yield increment under moderate compaction compared with non-trafficked and previously loosened soil. Arguably, enhanced nutrient and water uptake due to improved root-soil contact and increased unsaturated hydraulic conductivity can explain the positive effects under moderate compaction (Lipiec and Hatano, 2003; Blanco-Canqui and Lal, 2007). The extents of traffic-induced alterations in soil properties were lesser in 2016, and most of the crop growth variables and yield in 2016 did not show a significant correlation with BD or PR. Thus, traffic-induced moderate re-compaction after deep tillage in 2016 might have reduced nutrient leaching considering the sandy loam type of soil. Moreover, the planting density in 2016 was relatively lower (lower than recommended) and reduced inter-plant competition might have been a reason for no adverse effects of field trafficking.

The reasons mentioned above were further strengthened by observing the harmful effects of compaction in 2017 when field trafficking was not preceded by deep tillage and planting density was higher. In addition, a higher magnitude of increases in BD and PR indicated carry over effect of field traffic (Gregorich et al., 2011; Gregorich et al., 2014). Thus, we infer that the carry over effect of compaction in the upper 30 cm soil profile contributed to effectuate yield penalties in the second year of annual trafficking. This is in accordance with a previous study in which it was reported that it took until the third year of annually repeated field trafficking to cause significant yield reductions (Sweeney et al., 2006). In the current study, the maximum yield reduction of 15.5% under C6 was comparable to earlier reports such as Tolon-Becerra et al. (2011) and Sidhu and Duiker (2006).

Nevertheless, much higher yield penalties in maize have also been reported. For instance, maize yield reductions of up to 43% were due to subsoil compaction when an 11 Mg axle load was employed by Voorhees (2000). However, this axle load is almost 3.5 times the axle load used in the current study. An increase in yield penalty with an increased number of the vehicle passes was confirmed as yield penalty doubled in C6 compared with C2 (Zhang et al., 2006).




4.6 Compaction affects crop growth more at early stages

Though the negative effects of compaction on LAI diminished as the crop season progressed, the early setbacks caused by compaction led to lower dry matter accumulation per plant. Up to 19% compaction-induced reductions in dry matter yield in the current experiment were consistent with previous reports (Chen and Weil, 2011; Gregorich et al., 2011). Soil compaction affects various plant physiologic functions especially at early growth stages (Mirleau-Thebaud et al., 2017; Martina et al., 2018). Tubeileh et al. (2003) found that compaction decreased the carbon assimilation rate in maize at early growth stages, resulting in reduced leaf emergence rate, leaf area, plant height, and shoot biomass, and the effects persisted as the crop growth progressed. Though plants tended to overcome adverse effects inflicted at early stages, the effects still translated to the grain yield.




4.7 Compaction-induced alterations in root growth and distribution effectuate crop response

As soil compaction has a more significant impact on crop root systems, most compaction-induced effects on crop performance originate from alterations in root growth, structure, and physiology (Martina et al., 2018). Results in this study show that the soil compaction not only reduced per plant root dry matter and length from but also effects were more noteworthy on root structure and distribution from 0 to 50 cm layers (Figures 8, 9 and Tables 2, 3). Correlation analysis demonstrated a negative correlation of BD or PR (in 10-cm layers) with grain yield and root distribution variables (except for RDR and RLR in 0-10 cm layer), and these relationships were accentuated for BD and PR in the upper three 10-cm layers especially 10-20 cm layer (Figure 11). Compaction-induced alterations in BD and PR can hinder optimum root growth (Reichert et al., 2016), as revealed by significantly lower RMD and RLD in 10-40 cm soil profiles under trafficked plots. These results are in accordance with Mu et al. (2016) and Mosaddeghi et al. (2009), who found lower RMD and RLD due to higher soil BD and PR. Higher RDR and RLR in 0-10 cm soil layer under trafficked treatments showed that compaction promoted root growth in the surface layer. A higher concentration of roots in upper soil layers and reduced rooting in deeper layers can be due to the absence of larger diameter pores (Bengough et al., 2011; Lipiec et al., 2012) and resultantly in excessive mechanical impedance and insufficient oxygen supply in compacted soil layers (Nosalewicz and Lipiec, 2014). Moreover, increased horizontal cracks resulting from wheel trafficking might enhance superficial and horizontal root growth (Ball-Coelho et al., 1998). Even under control, >85% root dry matter and root length were distributed in the upper 30 cm layers, which signifies why topsoil compaction should be avoided even in the absence of subsoil compaction.




Figure 11 | Correlation between grain yield, root distribution indices, and soil variables focusing soil depths in 2017. GY, grain yield; RDM, root dry matter per plant; RL, root length per plant; RMD, root mass density; RDR, root dry weight ratio; RLD, root length density; RLR, root length ratio; BD, bulk density; PR, penetration resistance; subscripts represent the corresponding soil depth where indicated. Circles represent correlation coefficients (r); and cross over circle shows insignificant correlation (p > 0.05).



When root growth is suppressed by soil compaction, shoot growth is bound to be affected (Montagu et al., 2001). BD and PR in topsoil (< 30 cm) and PR indices had significant relationships with various plant variables including grain yield (Figure 12). Root length was more strongly correlated to different PR indices than root dry matter. Figure 13 shows significant negative relationships of root dry matter, root length, and grain yield with BD and PR in topsoil. Impaired air and water fluxes in compact soils can restrict root growth, blocking the ability of crops to explore and uptake the nutrient and water in the soil profile (Schäfer-Landefeld et al., 2004). However, mechanical impedance itself can negatively affect plant growth even if nutrients and water are not in limited supplies, as was evident from reduced leaf elongation under mechanically impeded root growth (Young et al., 1997; Bengough et al., 2006). Thus, we infer that traffic-induced alterations in soil properties affected root growth and distribution, affecting the absorption and utilization of soil nutrients and water by crops through their roots, and ultimately resulting in a negative response of overall crop growth and grain yield to field trafficking.




Figure 12 | Correlation between selected crop variables, bulk density and penetration resistance in upper 30 cm soil profile, and penetration resistance indices in 2017. GY, grain yield; KERNE, kernels per ear; PH, plant height; ADM, aboveground dry matter per plant; RDM, root dry matter per plant; RL, root length per plant; BD0-30, bulk density in upper 30 cm soil; PR0-30, penetration resistance in upper 30 cm soil; APRFP, average PR up to 45 cm; PRMAX, maximum PR value; DMPR, depth to maximum PR value; DTHP, depth to the top of the hardpan layer; PRTHP, corresponding PR value at the top of the hardpan layer; APRHP, average PR in hardpan layer up to 45 cm. Circles and number represent correlation coefficients (r); and *, **, and *** show significant correlation at p < 0.05, p < 0.01, and p < 0.001, respectively.






Figure 13 | Relationship of root dry matter (A, B), root length (C, D), and grain yield (E, F) with soil bulk density and penetration resistance, respectively, in top soil (0-30 cm) under different compaction treatments in 2017. Treatments: C0, control; C2, two traffic passes; C6, six traffic passes. **, and *** show significant correlation at p <0.01, and p < 0.001, respectively.





A previous study showed that the responses of the root architectures of maize cultivars to various soil compaction and moisture conditions were different (Xiong et al., 2020). In our study, it appeared from root distribution and visual observations (Figures 9, 10) that XY had more root growth in deeper soil layers even under moderate soil compaction. Previously, researchers also concluded that XY had better root growth in deeper soil layers as compared with ZD (Zhang et al., 2013; Yu et al., 2015), which makes XY better suited under the condition of soil compaction.





5 Conclusions

Annual field trafficking with low axle weight machinery on relatively dry (moisture content lower than field capacity) sandy loam soil caused topsoil (<30 cm) compaction, however, no subsoil compaction or severe damage to soil structure was found. Most significant alterations in BD and PR were observed in 10-20 cm soil layer especially with the increase in vehicle passes. Field trafficking resulted in a shallower and stronger hardpan. Consequently, compaction restricted root proliferation in deeper layers of topsoil and promoted shallow horizontal root distribution resulting in reduced LAI and dry matter accumulation and partitioning; consequently, inflicting a grain yield penalty up to 15.5%. However, XY showed better grain yields than ZD under moderate compaction due to it deeper root distribution.

In crux, the current findings foreground traffic-induced soil compaction as a potential challenge for sustained crop production in the HHH region of China, where reduced or no tillage before summer maize plantation is a common practice. However, the magnitude of adverse effects of traffic-induced compaction on dry sandy loam soil in the current study was lesser than those involving heavier field traffic in wet field conditions, which suggests optimization of field traffic activity can avoid severe compaction.
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