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Conventional methods of agriculture, especially tillage, are often accompanied by soil
degradation in the form of erosion and organic matter depletion. Regenerative agricultural
methods seek to repair soil ecosystems by building topsoil and soil organic matter (SOM),
decreasing reliance on chemical fertilizers and increasing both water retention capacity
and the diversity and quantity of soil microbial and fungal communities. The University of
Washington (UW) student farm is an organic and regeneratively managed site on the UW
Seattle campus. Over the past 20 years the farm gradually expanded so locations on the
farm encompass both unimproved topsoil and soils managed regeneratively for periods of
5 to 20 years. This arrangement allows a time-trend analysis of soil development under
regenerative methods. Measurements of topsoil depth and organic matter content were
collected across 14 distinct plots on the farm to quantify trends over time and estimate net
change in SOM (and soil organic carbon, or SOC). While SOM content weakly increased by
0.5% per year, topsoil thickness exhibited a highly significant linear increase of 0.86 cm
per year. Over a twenty-year period under the management practices of the UW Farm total
organic carbon storage in soils, determined using topsoil depth, density, and SOC content,
increased by between 280 and nearly 500 t/ha. The general increases in topsoil depth,
SOM content, and total soil carbon demonstrate the potential of soil-health-focused
practices to help maintain a productive and efficient urban growing space.
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8 Abstract

9 Conventional methods of agriculture, especially tillage, are often accompanied by soil 

10 degradation in the form of erosion and organic matter depletion. Regenerative agricultural 

11 methods seek to repair soil ecosystems by building topsoil and soil organic matter (SOM), 

12 decreasing reliance on chemical fertilizers and increasing both water retention capacity and the 

13 diversity and quantity of soil microbial and fungal communities. The University of Washington 

14 (UW) student farm is an organic and regeneratively managed site on the UW Seattle campus. 

15 Over the past 20 years the farm gradually expanded so locations on the farm encompass both 

16 unimproved topsoil and soils managed regeneratively for periods of 5 to 20 years. This 

17 arrangement allows a time-trend analysis of soil development under regenerative methods. 

18 Measurements of topsoil depth and organic matter content were collected across 14 distinct plots 

19 on the farm to quantify trends over time and estimate net change in SOM (and soil organic 

20 carbon, or SOC). While SOM content weakly increased by 0.5% per year, topsoil thickness 

21 exhibited a highly significant linear increase of 0.86 cm per year. Over a twenty-year period 

22 under the management practices of the UW Farm total organic carbon storage in soils, 

23 determined using topsoil depth, density, and SOC content, increased by between 280 and nearly 

24 500 t/ha. The general increases in topsoil depth, SOM content, and total soil carbon demonstrate 

25 the potential of soil-health-focused practices to help maintain a productive and efficient urban 

26 growing space.
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32 Introduction

33 Soils are an integral component of nearly every terrestrial ecosystem, holding nutrients, water, 

34 and carbon, and fostering communities of fungi and microorganisms that are essential to the 

35 function of larger flora and fauna and the ecosystem as a whole. Conventional forms of 

36 agriculture that utilize tillage have degraded soil ecosystems across large swaths of the United 

37 States, although topsoil erosion and changes in soil organic matter are often dependent on soil 

38 type, local climate and hydrology, and other factors that vary from farm to farm (Baumhardt et 

39 al., 2015). In general, however, rates of soil erosion on conventionally tilled farms far outpace 

40 natural rates of erosion (Montgomery, 2007; Thaler et al., 2022). Tillage can strip the soil of the 

41 A-horizon (e.g., Thaler et al., 2021) and degrade soil organic carbon (SOC) (Tiessen et al., 1994) 

42 which in turn decreases production capacity, soil moisture retention capacity, and bioavailable 

43 nutrients. Since the implementation of the Homestead Act in 1862, approximately 35% of soils 

44 across the Corn Belt of the American Midwest have been eroded through the A-horizon, 

45 removing roughly 1.4 Pg of carbon from degraded regions (Thaler et al., 2021).  

46 Although an explicit definition of regenerative agriculture has not been widely accepted 

47 in scientific literature, it can be broadly considered to encompass varied agricultural methods that 

48 produce beneficial changes in soil (Newton et al., 2020), particularly by increasing SOC and 

49 enhancing soil health through farming systems combining use of no-till, cover crops, and diverse 

50 crop rotations (Montgomery, 2017; Kassam et al., 2019).  A recent comparison of topsoil health 

51 and organic matter content on paired farms found this combination of regenerative practices to 

52 increase both relative to levels under conventional practices (Montgomery et al., 2022), and use 

53 of cover crops has been estimated to increase soil carbon by 0.32 t/ha/yr (Poeplau & Don, 2015). 

54 Regenerative agricultural methods that build soil health (Schreefel et al., 2020) have also been 

PeerJ reviewing PDF | (2023:08:90075:0:0:NEW 28 Aug 2023)

Manuscript to be reviewed

Usuario
Comentario en el texto
reference missing



55 linked to increased nutrient density in crops (Montgomery and Biklé, 2022). While adopting no-

56 till farming can greatly reduce soil erosion (Montgomery 2007; Kwang et al., 2023), to date only 

57 limited data are available on how much and how fast regenerative farming systems using all 

58 three techniques � no-till, cover crops, and diverse rotations � can additionally increase soil 

59 organic matter, and thereby enhance soil fertility. Here we report an analysis of time-trends in 

60 soil thickness and organic matter content based on plots at the University of Washington Student 

61 Farm (UW Farm), located at the Center for Urban Horticulture (CUH) on the UW Seattle 

62 Campus. 

63

64 Study Area

65 The UW Farm presents a novel experimental space, as a gradual expansion of the area under 

66 regenerative cultivation created a natural site for a space-for-time analysis. The CUH site is 

67 located in the Union Bay Natural Area, the historical site of the Montlake Dump which was used 

68 until 1966. Following closure of the landfill, remediation and restoration efforts removed 

69 invasive Himalayan blackberries and placed a cap of gravel and earth on top of the site, 

70 encouraging growth of native plant species. A small portion of the UW Farm, now known as 

71 �Plot E�, was used for one season in 1995 as a space for experimental wheat growth trials, but 

72 ground was not broken in the other areas until 2002, when Seattle Tilth Alliance began farming 

73 in the area now known as �Plot H�. The farm slowly expanded over the next two decades as a 

74 student-operated farm, which as of 2023 covers 0.6 hectares and supplies produce to dining halls 

75 and stores on campus, local food banks, and CSA (Community Supported Agriculture) 

76 shareholders. Figure 1 shows the layout of the farm as of 2023, with the location of individual 

77 plots labeled. Table 2 reports the year during which each plot was added to the farm.   
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78 The UW Farm site at CUH has been farmed through a combination of organic and 

79 regenerative methods since Seattle Tilth began cultivation in 2002. As commonly defined, both 

80 regenerative agriculture and organic agriculture aim to minimize disturbances, with the former 

81 focusing on minimizing physical disturbances and the latter on eliminating chemical 

82 disturbances. Although the UW Farm focuses on meeting requisites for USDA Organic and 

83 Good Agricultural Practices (GAP) certifications, and has been certified as USDA Organic since 

84 2019, the methods used on the farm also focus on building soil health. The farm is reduced-till, 

85 occasionally utilizing a handheld tilther to mix compost into the top inch of soil when preparing 

86 beds at the beginning of the season, and annually utilizing a shallow BCS walk-behind tractor to 

87 seed cover crops beyond the reach of birds and other animals, but generally leaving the rest of 

88 the soil undisturbed. Compost is added to beds at a rate of approximately 0.7 kg/m² (7 t/ha) 

89 annually, including both commercially produced compost (Cedar Grove Compost) as well as 

90 vermicompost produced on site. Cover crops are used during fallow periods and winters. Plant 

91 families are rotated annually through the beds to disrupt pests and prevent soil nutrient depletion. 

92 Table 1 lists the typical crop rotation order and common crops grown on the farm. No synthetic 

93 chemical fertilizers or pesticides are used, and if needed soils are amended with natural products 

94 like blood meal, lime, kelp, and feather meal. Crops are often grown in a polyculture, with 

95 mutually beneficial plant species grown together in a row. Finally, cover crops and weeds are 

96 terminated using a tarping and solarization method and allowed to decay back into the soil. 

97 When broadly defined as a collection of agricultural methods used to enhance soil and 

98 ecosystem health, the methods utilized on the UW Farm are an example of regenerative farming 

99 practices and have been implemented on site in a consistent manner since 2002. Plot E was 

100 cultivated in 1995 using more conventional methods including tillage, and while it has been 
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101 occasionally weeded, tarped, and kept clear of brush, the area has not been regeneratively 

102 cultivated and therefore serves as a reference site. In addition, samples X3 and X4 were taken 

103 from a bare dirt pathway and uncultivated field respectively and also represent an initial baseline 

104 for the evolved landfill cap without agricultural management. A space-for-time analysis of the 

105 various UW Farm plots can be used to assess changes in soil development, with plots E, X3, and 

106 X4 serving as baseline plots and plots A-D and F-K representative of soil under different 

107 temporal duration of regenerative cultivation techniques. 

108

109 Methods

110 Topsoil depth measurements were taken at three random locations across each plot. Soil pits 

111 were dug to a depth of approximately two feet and topsoil depth measured as the distance from 

112 the ground surface to the base of the visually identified soil A-horizon. SOM values were 

113 retrieved from soil tests performed in May 2018, May 2019, April 2021, and November 2022. 

114 For each tested plot 10 soil samples were taken to a depth of approximately 10 inches and 

115 aggregated into a single sample sent to A&L Western Agricultural Laboratories for analysis. The 

116 lab used a standard loss-on-ignition test to determine % SOM. A conversion factor of 0.58 was 

117 used to convert % SOM to % SOC. 

118

119 Results

120 The data show soil organic matter (Figure 2; Table 2) and topsoil depth (Figure 3; Table 2) 

121 increased with time under regenerative management. Notably, there was a more than 3-fold 

122 increase in SOM between the baseline areas and the 20-year cultivated area, increasing from 
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123 approximately 2 to 5% to 15 to 25 %. Figure 2 shows the weak overall trend in SOM, increasing 

124 by approximately 0.5% per year, though with substantial variance at the margin of statistical 

125 significance (R2 = 0.25; p<0.07). Additionally, there was roughly a 4-fold increase in average A-

126 horizon thickness over the same period (Figure 3), increasing from approximately 5 to 20 cm 

127 with a growth rate of about 0.86 cm per year (R2 = 0.93; p<0.01). Table 2 includes values for 

128 SOM when available from 2018, 2019, 2021 and 2022, and average topsoil thickness in 2023 for 

129 each plot, as well as the amount of time the plots have been managed regeneratively as of 2022 

130 (when the most recent set of SOM measurements were taken).  

131 Assuming an average soil density (  of 1.5 g/cm3 and a conversion factor of 0.58 �)
132 between soil organic matter and soil organic carbon, an estimate of the total carbon storage of the 

133 topsoil of each plot can be determined from:

134 Equation 1:  ��� = 0.58 ∗ ��� ∗ � ∗ � ∗ 100
135 where OCS is organic carbon storage (t/ha), SOM is soil organic matter (%), and  = topsoil (A �
136 horizon) depth (cm). Figure 4 presents the trend in organic carbon storage of the plots versus the 

137 amount of time under regenerative management. The data show OCS increasing nearly 20-fold 

138 from the newest plot (≈15 tC/ha) to oldest plot (≈450 tC/ha). Both an exponential (R2= 0.85) and 

139 linear (R2= 0.79) regression can be fit to the data, with differing growth rates but both displaying 

140 a general increase in OCS over time. Minimum and maximum bounds on the data are also 

141 displayed in Figure 4, defining annual growth rates of ≈5 tC/ha and ≈21 tC/ha respectively. Only 

142 SOM data from 2022 were used to develop Figure 4, as no prior historical measurements of 

143 topsoil depth are available. 

144
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145 Discussion

146 Our data show that both soil organic matter and topsoil thickness increased with time under 

147 regenerative management. In particular, the thickening of the A-horizon on the UW Farm 

148 (Figure 3) followed a linear trend with a growth rate of about 0.86 cm of topsoil each year. The 

149 four-fold increase in A-horizon depth on the UW Farm over the course of 20 years of 

150 regenerative management highlights the potential of regenerative agricultural methods to rapidly 

151 rebuild the fertility of degraded soils. Natural topsoils, unaided by anthropogenic activity, are 

152 estimated to increase in thickness by approximately a centimeter or two every 500 years, 

153 although rates vary depending on climatic and environmental parameters including temperature, 

154 moisture levels, and organic matter availability. The highest natural rate of soil formation 

155 reported to date is roughly 1 mm yr-1 (Larsen et al., 2014). In trials of a routinely tilled farm with 

156 additions of organic matter and high biomass, annual soil growth rates of 0.07 cm to 0.13 cm 

157 were observed (Bennett, 1939; Brady, 1984). Hence, the observed rates of topsoil growth on the 

158 UW Farm outpace estimates of natural rates of topsoil formation by more than an order of 

159 magnitude, showing that restoration of degraded soil can build topsoil at rates that far exceed 

160 geologic rates of topsoil production through rock weathering. Topsoil growth rates on the farm 

161 also stand in marked contrast to trends of topsoil erosion on routinely tilled conventional farms 

162 (Montgomery, 2007; Thaler et al., 2021), and are more than two orders of magnitude larger than 

163 the rates observed by Bennett (1939) and Brady (1984). 

164 Although we are aware of no other data available for estimated topsoil growth rates 

165 specific to the Puget Sound region, it is not a moisture-limited environment, annually receiving 

166 approximately 40 inches of precipitation and is likely to have relatively rapid rates of soil 

167 development due to high moisture availability. Therefore, local climate may contribute to the 
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168 large increases seen in the data in addition to the agricultural methods used on the farm. Topsoil 

169 depth also cannot increase indefinitely, and the rapid rates observed on the UW Farm will slow 

170 as the soil thickens. We would expect to see the linear growth rate in Figure 3 slow and plateau 

171 over longer time scales (Sauer et al., 2015). 

172 Overall, measured values for SOM also increased over time, although the trend is more 

173 variable than the observed increase in topsoil thickness. While plots managed regeneratively 

174 have all increased in SOM from the baseline samples, there is substantial year-to-year variability 

175 and individual plots do not always increase in SOM each year. Part of the variability is due to 

176 large additions of compost that temporarily increase SOM for a year or two. For example, in 

177 2019 a large amount of composted coffee and leaves was added to plots F and K. Table 2 shows 

178 a high SOM value for the soils that year, and a decrease in the following years. The combined 

179 linear regression for data from all four years shows a weakly defined increase of about 0.5% 

180 annually, although samples from plots of similar age show a wide range of SOM values. 

181 Nonetheless, the trend of increasing SOM over time has significant implications for soil health 

182 and carbon sequestration. While much of the SOM regression is set by the high levels of organic 

183 matter in plot H, even a growth rate of half that shown by the trend in Figure 2 would result in 

184 substantial changes in SOM over decadal time scales. 

185 Additionally, the rate of organic matter increase shown in Figure 2 is not without 

186 precedent. Two regenerative no-till vegetable farms studied by Montgomery et al. (2022) 

187 displayed an increase in SOM of between 7 and 10 % over a decade or less of regenerative 

188 management (at least a 0.7 to 1% annual increase), rates that exceed that of the general trend at 

189 UW Farm. Although SOM is not an ideal metric for soil health (which also depends on specific 

190 nutrient distributions as well as microbial and fungal diversity and abundance), it can act as a 
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191 reasonable proxy in absence of other data. While increased SOM also directly correlates to 

192 increased carbon content in soils, there is controversy over whether increasing SOM is an 

193 effective method of long-term carbon sequestration. 

194 UW Farm SOM measurements were obtained from an aggregate of 10 samples taken 

195 from across each plot, and extended to a depth of 10 inches, so SOM measurements reflect the 

196 average composition of the upper 10 inches and not necessarily just the A-horizon. Additionally, 

197 samples were taken by different student groups, and although they were all instructed and 

198 monitored by the same farm manager and tested by A& L Western Labs, there may have been 

199 minor variations in sampling process between groups and years. 

200 The limited data available from the UW Farm shows an increase in both topsoil depth 

201 and soil organic matter over time. The compounded effect of these two changes has large 

202 implications for soil carbon storage; when combined with A-horizon thickening, a change in 

203 SOM of 0.5 %/yr leads to increased overall carbon storage of between 5 and 20 t/ha annually 

204 (Figure 4). Considering that conventional agricultural practices often result in a net decrease in 

205 soil carbon, the demonstrated increase in soil carbon is significant. The range of estimated 

206 growth trends shown in Figure 4 reflects the limited quantity of data available, as well as the 

207 relatively short amount of time the farm has been in operation. Moreover, extrapolating the 

208 trends in SOM and topsoil depth to other farming systems or beyond the 20-year period of 

209 observations is questionable, as such growth is unlikely to be sustained and eventually a 

210 logarithmic trend with growth rates decreasing and plateauing at a new equilibrium level would 

211 be expected. Additionally, we would expect these SOM values and rates to be higher than for 

212 large-scale regenerative row cropping where importing compost is not feasible and cover crops 

213 and crop residues provide the only source of additional organic matter inputs. Nonetheless, the 
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214 changes observed on multi-decadal timescales on the UW Farm highlight the potential for small-

215 scale urban regenerative farms to rapidly build soil carbon content while maintaining a 

216 productive agricultural environment. 

217

218 Conclusion

219 The UW Farm provides a novel space-for-time analysis of changes in soil under regenerative 

220 agricultural practices, displaying a twenty-year evolution of topsoil depth and soil organic matter 

221 content. Data collected from 14 locations across the farm show an increase in both topsoil depth 

222 and soil organic matter over time, and when combined illustrate an overall increase in soil carbon 

223 across farm plots under regenerative practices. In short, the UW Farm is rapidly building topsoil 

224 and increasing soil carbon while maintaining a productive growing space. The potential of 

225 regenerative farming methods to reduce soil erosion and increase soil organic matter and carbon 

226 spotlights their importance in future agricultural and climate-related policy. Further long-term 

227 analysis of the effects of regenerative agriculture on topsoil volume and carbon content, as well 

228 as field trials that isolate individual methods and incorporation of more detailed soil analyses are 

229 needed to evaluate potential effects of wide-scale implementation of regenerative methods in 

230 different climatic settings and under different fertilizer regimes. Finally, the UW Farm is largely 

231 operated by students and volunteers with little to no agricultural experience, and efficiently 

232 produces a large quantity of fresh produce, while simultaneously increasing soil volume and 

233 health. It is an example of a small, local, regenerative farm that showcases the potential for 

234 lower-emission food production in urban environments.

235
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Table 1(on next page)

Crop rotation order for a plot on the UW Farm.

Plant families are rotated in a set order annually throughout the plots both as a form of pest
control and to reduce soil nutrient depletion. For example, a plot planted with crops from the
Solanaceae family which consume large quantities of nitrogen will be planted the following
year with crops from the Fabaceae family which host nitrogen-fixing bacteria in their roots
and will restore soil nitrogen levels.
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1

Year Plant Family Crops grown

1 Brassicaceae Broccoli, cabbage, kale, collard greens, cabbage, 

kohlrabi

2 Solanaceae Tomatoes, peppers, eggplants

3 Fabaceae Peas, beans

4 Cucurbitaceae Summer and winter squash, melons

5 Poaceae Corn, wheat

6 Fallow Planted with a cover crop (a mix of rye, barley, 

vetch, clover) and not used for growing produce

2

3
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Table 2(on next page)

Data for soil plots.

UW Farm plots with the year the plot was incorporated to the farm and number of years
under regenerative management practices, measured values for soil organic matter when
available from 2018, 2019, 2021, and 2022, and topsoil depth measured in January or May
2023 (*Topsoil depth measurements taken in May 2023).
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1

Plot Year 

aaa�a to 

f���

Years u�a�� 

regeneratir� 

management 

as of 2022

SOM 

(%) 

May 

2018

SOM 

(%)

May 

2019

SOM 

(%) 

April 

2021

SOM 

(%) 

Nov 

2022

Average 

topsoil 

depth 

2023

A 2012 10 8.1 - 7.3 6 15.3

B 2011 11 5.5 5.9 7.4 4.9 15.8

C 2011 11 - - 6.8 8.1 14.5

D 2011 11 7.1 7.7 7.8 - 16.0*

E 1995 0 3.8 5.5 6.1 5.4 4.9

F 2011 11 8.4 14.9 8.1 8.2 14.5

G 2011 11 - 14.7 7.1 6 15.0

H 2002 20 - 13.1 18.3 25.1 20.4

I 2016 6 - 8.2 7.6 12.3 11.7*

J 2017 5 - 8.3 6.8 4.0 8.6

K 2015 7 - 17.6 17.3 7.4 13.4

HT (high 

tunnel)

2015 7 7.0 13.1 14.1 15.7 13.3*

X3 - 0 - - - 3.4 2.5*

X4 - 0 - - - 2.0 4.8*

2

3
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Figure 1
Map of UW Farm site in 2022.

Plots labeled by letter, with X3 and X4 marking locations of soil tests taken in 2022 for
baseline, non-cultivated areas. (Base image from Google Earth, 2022).
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Figure 2
Soil organic matter (%) versus years under regenerative management.
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Figure 3
Average topsoil depth (cm) versus years of regenerative management.

Error bars extend to maximum and minimum measured depths of A horizon for each plot.
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Figure 4
Organic Carbon Storage (OCS) of topsoil (in t C/ha) versus years managed
regeneratively.

Both exponential (solid black line; R2= 0.85, p= 0.0002) and linear (dashed line; R2= 0.79, p
= 0.0013) regressions are shown, as well as maximum (orange line; y = 21.13x + 23.07) and
minimum (green line; y = 5.54x + 5.21) bounds to the data envelope.

PeerJ reviewing PDF | (2023:08:90075:0:0:NEW 28 Aug 2023)

Manuscript to be reviewed



PeerJ reviewing PDF | (2023:08:90075:0:0:NEW 28 Aug 2023)

Manuscript to be reviewed


