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36 Abstract
37 Demand for organic milk is partially driven by consumer perceptions that it is more nutritious. However, there is still considerable uncertainty
38 over whether the use of organic production standards affects milk quality. Here we report results of meta-analyses based on 170 published
39 studies comparing the nutrient content of organic and conventional bovine milk. There were no significant differences in total SFA and MUFA
40 concentrations between organic and conventional milk. However, concentrations of total PUFA and n-3 PUFA were significantly higher in
41 organic milk, by an estimated 7 (95% CI −2, 15)% and 46 (95% CI 29, 64)%, respectively. Concentrations of α-linolenic acid (ALA), very

Abbreviations: AA, arachidonic acid; ALA, α-linolenic acid; BS, basket studies; EFSA, European Food Safety Authority; EX, controlled experiments; FA, fatty
acid; LA, linoleic acid; MPD, mean percentage difference; RDA, redundancy analysis; SMD, standardised mean difference; UM, unweighted meta-analysis;
VA, vaccenic acid; VLC, very long chain; WM, weighted meta-analysis.
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42 long-chain n-3 fatty acids (EPA +DPA+DHA) and CLA were also significantly higher in organic milk, by an estimated 58 (95% CI 37, 78)%,
43 58 (95% CI 29, 88)% and 34 (95% CI 14, 55)%, respectively. As there were no significant differences in total n-6 PUFA and linoleic acid (LA)
44 concentrations, the n-6:n-3 and LA:ALA ratios were lower in organic milk, by an estimated 79 (95% CI −126, −31)% and 82
45 (95% CI −104, −59)%. It is concluded that organic bovine milk has a more desirable fatty acid composition than conventional milk. Meta-
46 analyses also showed that organic milk has significantly higher α-tocopherol and Fe, but lower I and Se concentrations. Redundancy analysis
47 of data from a large cross-European milk quality survey indicates that the higher grazing/conserved forage intakes in organic systems were the
48 main reason for milk composition differences.

49 Key words: Organic products: Milk: Dairy products: Vitamins: AntioxiQ3 dants: n-3 PUFA: n-6 PUFA: CLA

50 The demand for organic dairy products has increased rapidly over
51 the past 20 years(1). Dairy products currently account for 15% of
52 the total organic food market in the USA and up to 30% in some
53 European countries(2,3). A main driver for the increase in demand
54 has been the consumer perception that organic milk and dairy
55 products typically contain higher concentrations of nutritionally
56 desirable compounds, therefore making them ‘healthier’(4,5). There
57 is also concern among consumers about pesticide residues in
58 milk(6–8), although regulatory bodies in Europe maintain that there
59 is no risk from pesticide residues in food(9). However, there is still
60 considerable uncertainty over whether, and to what extent, the
61 use of organic production standards results in significant changes
62 in the nutritional quality of milk and dairy products(5,10–12).
63 Over the past 20 years, a large number of scientific studies
64 have compared concentrations of nutritionally relevant
65 compounds in milk from organic and conventional dairy pro-
66 duction systems. Most of them focused on comparing milk fat
67 composition, but there are also some published data on anti-
68 oxidant, vitamin and/or mineral concentrations in milk and
69 dairy products(10,13,14). There has been a particular interest in
70 comparing concentrations of nutritionally relevant, SFA, MUFA
71 and PUFA. It is well documented that SFA and in particular
72 myristic acid (14 : 0) and palmitic acid (16 : 0), and possibly also
73 lauric acid (12 : 0), affect the relative proportions of HDL- and
74 LDL-cholesterol and increase the risk of CVD in humans(15). SFA
75 in milk are therefore widely considered to have negative effects
76 on human health(15), although this is not universally
77 accepted(16–18). In contrast, the PUFA linoleic acid (LA) and
78 α-linolenic acid (ALA), EPA, DPA and DHA have been shown to
79 induce protective effects against CVD(19). LA is known to reduce
80 LDL production and enhance its clearance, whereas EPA and
81 DHA reduce arrhythmia, blood pressure, platelet sensitivity,
82 inflammation and serum TAG levels(19).
83 Increased intakes of very long-chain (VLC) n-3 PUFA (EPA+
84 DPA+DHA) have also been linked to other health benefits,
85 including improved fetal brain development and function,
86 delayed decline in cognitive function in elderly men and reduced
87 risk of dementia (especially Alzheimer’s disease)(20).
88 The PUFA-CLA has been linked to anti-obesity, anti-
89 carcinogenic, anti-atherogenic, anti-hypertension, anti-
90 adipogenic and anti-diabetogenic effects, as well as improved
91 immune system function and bone formation. However, most
92 evidence for potential positive health impacts of CLA is from
93 in vitro or animal studies, and there is considerable controversy
94 over whether, and to what extent, increasing CLA intake will
95 result in health benefits in humans(21–25).
96 Three previous systematic literature reviews(10,13,14) used
97 meta-analyses methods to synthesise published information on

98composition differences between organic and conventional
99milk and/or dairy products, but report contrasting results and
100conclusions (see the online Supplementary data for a detailed
101description and discussion of the results of previous
102meta-analyses). As a result, they contributed substantially to the
103existing uncertainty about the impact of organic production
104methods on the nutritional composition of milk and dairy
105products. All three systematic reviews/meta-analyses were
106based on only a small proportion (<20%) of the information
107published to date, limiting the statistical power of the meta-
108analyses, especially for parameters in which the number of data
109sets available was relatively small(26). Results from two recent
110large milk quality surveys from the European Union and
111USA(27,28) indicated that there is significant regional variation in
112the relative differences in fatty acid (FA) composition between
113organic and conventional milk, which may also reduce the
114statistical power of meta-analyses.
115There has also been a recent qualitative literature review(29)

116that discussed composition differences between organic and
117conventional milk reported in selected studies in the context of
118experiments focused on identifying the effect of management
119practices on milk composition.
120Although meta-analyses of published comparative studies
121may quantify potential composition differences between
122organic and conventional dairy products, they cannot identify
123the contribution of specific agronomic drivers – for example
124animal diet, breed choice and other management parameters –
125used in organic and conventional livestock production. This is
126mainly because in most comparative studies the management
127practices used in both organic and conventional production
128systems are described in insufficient detail(30,27). However, for
129the dairy sector, there are now five publications reporting data
130from a large cross-European milk quality survey in which
131bovine milk composition parameters and management prac-
132tices, including breeds used, feeding regimens and milking
133systems, were recorded using common methods(27,30–34). This
134unique data set allows, for the first time, the main agronomic
135drivers for differences in milk composition between organic and
136conventional farming systems to be investigated by redundancy
137analysis (RDA).
138Therefore, the main objectives of the present study were to
139(1) carry out a systematic literature review of all available stu-
140dies published before March 2014 that focused on quantifying
141composition differences between organic and conventional
142milk and dairy products; (2) conduct weighted and unweighted
143meta-analyses (WM and UM) of the published data; (3) carry
144out sensitivity analyses focused on identifying to what extent
145meta-analysis results are affected by data extraction (e.g. using
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146 data reported for different years/seasons as separate events or
147 means of data from different years/seasons) or inclusion criteria
148 (e.g. including or excluding comparisons involving milk
149 composition data from non-standard conventional or organic
150 systems; excluding data from the 20% of studies with the least
151 precise treatment effects, those having the largest variances
152 identified in WM); and (4) perform redundancy and correlation
153 analyses using data from a large cross-European farm
154 survey(27,30–34) of dairy cow management, milk yield and
155 quality parameters to identify management parameters asso-
156 ciated with differences in composition between organic and
157 conventional milk and associations between productivity and
158 milk quality in organic and conventional dairy systems.

159 Methods

160 Data acquisition: literature search strategy and inclusion
161 criteria

162 The review methods were described in detail in a previously
163 published meta-analysis by Barański et al.(35), which assessed
164 composition differences between organic and conventional

165

166

167

168

169

170

171crops. Relevant publications were identified through an initial
172search of literature in the Web of Knowledge, Scopus, Ovid and
173EBSCO databases using the search terms (organic* or ecologic*
174or biodynamic*) and (conventional* or integrated) and
175(livestock or dairy or milk or cheese or cream or curd or butter
176or yoghurt) (Fig. 1).
177Papers in all languages, published in peer-reviewed and non-
178peer-reviewed journals reporting data on both desirable and
179undesirable compositional parameters, were considered relevant
180for inclusion in the meta-analyses. The search was restricted to
181the period between 1992 (the year when legally binding organic
182farming regulations were first introduced in the European Union)
183and the end of the project in March 2014 and provided 15 164
184references. An additional thirty-one publications were found by
185studying lists of references or directly contacting authors of
186published papers and reviews identified in the initial literature
187search (Fig. 1). This included suitable data from scientific papers
188published before 1992 that were identified/used in previous
189systematic literature reviews/meta-analyses(10,14).
190The abstracts of all publications were then examined by two
191reviewers to determine whether they contained original data on
192milk or dairy products (appropriate population) obtained by

Initial search* (n 15 195)
Web of Knowledge database (years 1992–2014)
Scopus database (years 1992–2014)
Ovid database (years 1992–2014)
EBSCO database (years 1992–2014)
List of references and direct contact with the authors (years 1977–2014) (n 31)

Excluded (n 14 754)
Publications did not present data on milk or dairy
products (appropriate population) or comparison between
organic and conventional system (appropriate comparators).

Suitable publications reviewed   (n 440)

Excluded (n 244)
Publications did not report suitable data sets or contained
the same data as other studies

Papers with data on
bovine milk used in
standard weighted
meta-analysis: papers
did provide information
about number of
replicates and SD or SE

(n 84)

BS
BS/CF
CF
EX

(n 26)
(n 1)
(n 53)
(n 4)

Papers with data on
bovine milk used in
unweighted sensitivity
analysis 1: not all
papers did provide
information about
number of replicates
and SD or SE (n 170)

Papers with data on non-bovine milk
and dairy products used in standard
weighted meta-analysis, unweighted
sensitivity analysis 1 and descriptive
analysis (n 22)
   Sheep milk and dairy products (n 11)
   Goat milk and dairy products    (n 9)
   Buffalo milk and dairy products (n 2)

Papers with data on bovine dairy
products used in descriptive analysis
(n 19)

Papers did meet inclusion criteria   (n 196)
Peer-reviewd journals
Non peer-reviewed journals

BS
BS/CF
CF
EX

(n 40)
(n 2)
(n 113)
(n 18)

(n 1505)
(n 1402)
(n 11 709)
(n 548)

(n 177)
(n 19)

Fig. 1. Summary of the search and selection protocols used to identify papers included in the systematic review and the meta-analyses. * Review carried out by one
reviewer; † data extraction carried out by two reviewers. CF, comparison of matched farms; BS, basket studies; EX, controlled experiments.
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193 comparing composition parameters in organic and conventional
194 system (appropriate comparators). This identified 440 suitable
195 publications, from which 244 were subsequently rejected,
196 because they did not meet inclusion criteria or reported
197 duplicated information.
198 Publications were eligible for inclusion if data for milk yield
199 and/or at least one composition parameter in milk or dairy
200 products were reported. As a result, 196 publications (177 peer-
201 reviewed) were selected for data extraction (170 on bovine milk,
202 nineteen on bovine dairy products, eleven on sheep milk and
203 dairy products, nine on goat milk and dairy products, two on
204 buffalo milk and dairy products). Data from eighty-nine publica-
205 tions (seventy-nine peer-reviewed) fulfilled the criteria for
206 inclusion in random-effects WM. Because of the limited data
207 available for sheep, goat and buffalo milk and dairy products, only
208 data for bovine milk were included in meta-analyses presented in
209 the main paper. Results from meta-analyses of pooled data for
210 goat, sheep and buffalo milk, which was possible for only a small
211 number of composition parameters, are presented in the
212 Supplementary Information only (online Supplementary Fig. S35).
213 Previous systematic reviews/meta-analyses of comparative
214 studies into milk quality by Dangour et al.(10), Palupi et al.(13)

215 and Smith-Spangler et al.(14) were based on a more limited
216 proportion of the literature available (twelve, thirteen and thirty-
217 seven publications, respectively). However, most publications
218 included in these previous reviews were also used in the stan-
219 dard WM reported here, except for one publication on sheep
220 and goats milk included by Palupi et al.(13) and one publication
221 on milk included by Dangour et al.(10) that reported the same
222 data as other publications selected for extraction in this study.
223 A PRISMA flQ4 ow diagram illustrates the search and study
224 inclusion strategies (Fig. 1). Eligibility assessment was performed
225 by two independent reviewers, with discrepancies resolved by
226 consensus and reference to a third reviewer as necessary.

227 Data extraction

228 Data were extracted from three types of studies: (1) compar-
229 isons of matched farms (CF), farm surveys in which milk was
230 obtained from organic and conventional farms in the same
231 country or region; (2) basket studies (BS), retail product surveys
232 in which organic and conventional milk was obtained in retail
233 outlets; and (3) controlled experiments (EX) in which milk was
234 obtained from experimental animals managed according to
235 organic or conventional farming standards/protocols. Data
236 from the three study types were subject to meta-analysis if the
237 authors stated that (1) organic farms included in farm surveys
238 were using organic farming methods; (2) organic milk collected
239 in retail surveys were labelled as organic; or (3) animals
240 from organically reared herds used in EX were managed
241 according to organic farming standards, even if animals and
242 land used for ‘organic treatments’ in experiments were not
243 organically certified.
244 Several studies compared more than one organic or con-
245 ventional system or treatment (online Supplementary Table S3).
246 For example, additional conventional systems/treatments were
247 described as ‘low input’, ‘intensive’ or ‘extensive’, and an
248 additional organic system/treatment included in some studies

249was described as ‘biodynamic’. In such cases, only the organic
250and conventional system identified by the authors as closest to
251the typical, contemporary organic/conventional farming system
252was used in the meta-analysis, as recommended by Brandt
253et al.(11). Full references of the publications and summary
254descriptions of studies included in the meta-analyses are given
255in the online Supplementary Tables S1–S3.
256Information and data were extracted from all selected
257publications and compiled in a Microsoft Access database. The
258database will be made freely available on the Newcastle
259University website (http://research.ncl.ac.uk/nefg/QOF) for use
260and scrutiny by others. A list of the information extracted from
261publications and recorded in the database is given in the online
262Supplementary Table S4.
263Data reported as numerical values in the text or tables were
264copied directly into the database. Results only published in
265graphical form were enlarged, printed, measured (using a ruler)
266and then entered into the database, as previously described(35).
267Data reported in the same publication for different study types,
268countries and outcomes were treated as independent effects.
269However, data extracted from the same publication for (1) dif-
270ferent years and (2) different regions, retail outlets or brands in
271the same country or (3) multiple time points within the same
272sampling year were averaged before use in the meta-analyses.
273Risk of bias of individual studies was based on (1) study type
274and probability of confounding, (2) production system and
275magnitude of effect.
276Two independent reviewers assessed publications for
277eligibility and extracted data. Discrepancies were detected for
278approximately 4% of the data, and in these cases extraction was
279repeated following discussion.
280Raw data from a previously published large cross-European
281farm survey(27,30–34) were obtained directly from the authors
282and used in both the meta-analyses and RDA; this included
283some data sets (e.g. for individual SFA or carotenoids) that were
284not previously reported(27,30–34).
285Study characteristics, summaries of methods used for
286sensitivity analyses and ancillary information are given in the
287online Supplementary Tables S2–S7. They include information
288on (1) the number of papers from different countries and
289publication years used in meta-analyses (online Supplementary
290Fig. S1 and S2); (2) study type and locations identified in dif-
291ferent studies (online Supplementary Table S2); (3) production
292system information for studies with more than two systems
293(online Supplementary Table S3); (4) the type of information
294extracted from papers (online Supplementary Table S4);
295(5) data-handling and inclusion criteria, and meta-analysis
296methods used in sensitivity analyses (online Supplementary
297Table S5); (6) the list of composition parameters included in
298meta-analyses (online Supplementary Table S6); and (7) the list
299of composition parameters for which meta-analyses were not
300possible (n< 3) (online Supplementary Table S7).
301The online Supplementary Table S8 summarises basic statistics
302on the number of studies, individual comparisons, organic and
303conventional samples sizes, and comparisons showing statistically
304or numerically higher concentrations in organic or conventional
305milk samples for the composition parameters included in
306Fig. 2 and 3.
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307 Meta-analyses

308 Nine analyses were undertaken (online Supplementary
309 Table S5). The methods used for random-effects WM and UM
310 sensitivity analyses 1 were described by Barański et al.(35) and
311 compared only pragmatically chosen standard organic and
312 conventional systems. Fig. 2 and 3 show the pooled effects
313 obtained using random-effects meta-analysis weighted by

314inverse variance and a common random-effects variance com-
315ponent and unweighted analysis of differences in means. The
316WM analysis is the primary analysis, but it is useful to augment
317the results with UM (particularly to explore the impact of
318including data from the studies that do not report measures of
319variance and thus a wider range of studies).
320Eight sensitivity analyses were carried out (online Supplemen-
321tary Table S5). Four analyses (sensitivity analyses 2, 3, 6 and 7;

MPD*

%  Higher in CONV
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40 60 80 Parameters

Standard meta-analysis Sensitivity analysis 1
n Heterogeneity n Ln ratio§

Milk yield
SFA
12 : 0 (lauric acid)
14 : 0 (myristic acid)
16 : 0 (palmitic acid)
MUFA
OA (cis -9–18:1)
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CLA (total)
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7
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6
5
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9

19
23
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4.44
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4.59
4.62
4.57
4.60
4.62
5.01
4.73
4.94
4.87
4.86
5.05
5.16
5.07
4.91
5.26
5.04
4.59
4.56
4.43
3.98
4.11
5.06

<0.001
0.096
0.284
0.172
0.013
0.446
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<0.001
0.001

<0.001
<0.001
0.006

<0.001
<0.001
<0.001
0.003
0.060
0.030
0.354
0.189
0.008

<0.001
<0.001
<0.001

–3.0 –1.5 0.0 1.5 3.0
SMD

–93

194

P P

Fig. 2. Results of the standard meta-analyses and sensitivity analysis 1 for fat composition in cows’ milk. * Numerical values for mean percentage difference (MPD)
and 95% CI are given in the online Supplementary Table S9. † Significantly different between organic samples (ORG) and conventional samples (CONV) (P< 0·05).
‡ Heterogeneity and the I 2 statistic. § Ln ratio= Ln(ORG/CONV× 100%). || Calculated based on published fatty acid (FA) composition data. , MPD calculated using
data included in sensitivity analysis 1; , MPD calculated using data included in standard meta-analysis; , standardised mean difference (SMD) from the standard
meta-analysis with 95% CI represented by horizontal bars. n, number of data points included in meta-analyses; OA, oleic acid; VA, vaccenic acid; ALA, α-linolenic acid;
VLC n-3 PUFA, very long-chain n-3 PUFA (EPA+DPA+DHA); LA, linoleic acid; AA, arachidonic acid.
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0.013
0.385
0.047
0.078
0.046
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0.057
0.126
0.085
0.170
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Fig. 3. Results of the standard meta-analyses and sensitivity analysis 1 for antioxidants, minerals, urea and somatic cell count (SCC) in cows’milk. * Numerical values
for mean percentage difference (MPD) and 95% CI are given in the online Supplementary Table S9. † Significantly different between organic samples (ORG) and
conventional samples (CONV) (P< 0·05). ‡ Heterogeneity and the I 2 statistic. § Ln ratio= Ln(ORG/CONV ×100%). || Calculated based on published fatty acid
composition data. , MPD calculated using data included in sensitivity analysis 1; , MPD calculated using data included in standard meta-analysis; , standardised
mean difference (SMD) from the standard meta-analysis with 95% CI represented by horizontal bars; n, number of data points included in meta-analyses.
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322 online Supplementary Table S5) were designed to identify
323 whether inclusion of data for individual experimental years as
324 separate data points affected the results of meta-analyses. Four
325 analyses (sensitivity analysis 4–7; online Supplementary Table S5)
326 were carried out to identify whether exclusion of data for
327 comparisons with non-standard organic or conventional systems
328 affected the results of meta-analyses; in these analyses,
329 comparative data for all organic and conventional production
330 systems reported by authors were included (online Supplemen-
331 tary Table S3). In sensitivity analysis 8 we explored the effect of
332 excluding 20% of studies with the least precise treatment effects
333 from the WM. Results of these sensitivity analyses are available
334 in the appendix on the Newcastle University website (http://
335 research.ncl.ac.uk/nefg/QOF).
336 Effect sizes for all WM were based on standardised mean
337 differences (SMD), as recommended for studies that include data
338 measuring the same parameters on different scales(36,37).
339 Both WM and UM were carried out using the R statistical
340 programming environment(19). WM, with the SMD as the basic
341 response variable, were conducted using standard methods and
342 the open-source ‘metafor’ statistical package(38–41). A detailed
343 description of the methods and calculations is provided in the
344 ‘Additional Methods Description’ published by Barański
345 et al.(35) (available online).
346 A positive SMD value indicates that mean concentrations of the
347 observed constituents were greater in the organic milk samples,
348 whereas a negative SMD indicates that mean concentrations were
349 higher in conventional (non-organic) samples. The statistical
350 significance of a reported effect size (i.e. SMDtot) and CI were
351 estimated based on standard methods(42) using ‘metafor’(38).
352 The influence of study type (CF, EX, BS) as a potential
353 moderator was tested using mixed-effect models(43) and
354 subgroup analyses (online Supplementary Fig. 3–33).
355 We carried out tests of homogeneity (Q statistics and
356 I 2 statistics) on all summary effect sizes. Homogeneity was
357 indicated if I 2 was <25% and the P value for the Q statistics was
358 >0·010. Funnel plots, Egger tests of funnel plot asymmetry and
359 fail-safe number tests were used to assess publication bias(44)

360 (see the online Supplementary Table S13 for further
361 information).
362 For the UM, the ratio of organic means:conventional means
363 (X̅O / X̅C) expressed as a percentage was ln-transformed, and
364 values were used to determine whether the arithmetic average
365 of the ln-transformed ratios was significantly greater than ln
366 (100), using resampling(45). Reported P values were derived
367 from Fisher’s one-sample randomisation test(46), and a P< 0·05
368 was considered statistically significant.
369 For parameters that were calculated based on published
370 information (total VLC n-3 PUFA, LA:ALA ratio), it was only
371 possible to carry out UM (Fig. 2), as measures of variance were
372 not available.
373 Forest plots were constructed to show pooled SMD and
374 corresponding 95% CI for all compositional parameters inves-
375 tigated. Additional forest plots were presented for selected
376 results to illustrate heterogeneity between individual studies
377 and study types (see the online Supplementary Fig. 3–33).
378 The mean percentage difference (MPD) was calculated for all
379 parameters for which statistically significant effects were

380detected by either UM or WM. This was done to facilitate
381value judgements regarding the biological importance of the
382relative effect magnitudes using the calculations described by
383Barański et al.(35).
384We also calculated MPD using data-pairs included in the UM
385and WM, to estimate the impact of excluding data, for which no
386measures of variance were reported, on the magnitude of
387difference. As the MPD can be expressed as ‘% higher’ in
388conventional or organic milk, they provide estimates for the
389magnitude of composition differences that are easier to relate to
390existing information on potential health impacts of changing
391dietary intakes for individual or groups of compounds than the
392SMD values. The 95% CI for MPD were estimated using a standard
393method(42).
394An overall assessment of the strength of evidence was made
395using an adaptation of the Grading of Recommendation
396Assessment, Development and Evaluation (GRADE)(47) system
397(Table 1).

398Estimation of n-3 fatty acid and CLA intakes

399FA intakes were calculated using the following formula: total fat
400intake from milk×proportion of specific FA (n-3 PUFA, ALA,
401EPA, DHA, CLA) in total milk FA× 0·933 (the proportion of FA
402in total milk lipids)(48). To estimate the effect of switching from
403conventional to organic milk/dairy products, estimated dietary
404intakes of ALA and EPA+DHA from dairy products were
405compared with European Food Safety Authority (EFSA)
406recommended intakes of 1100 and 250mg/d, respectively(49).
407EFSA recommendations for ALA intake, given relative to total
408energy intake, were transformed into mg/d, assuming average
409dietary energy intakes of 8·4MJ/d (2000 kcal/d)(50) and FA
410energy content of 37·7 kJ/g (9 kcal/g)(51).

411Redundancy analyses

412The relationships between feeding/management practices and
413breed index (proportion of Holstein Friesian cows in the herd)
414and the nutritional composition of milk were investigated using
415published data from extensive cross-European dairy farm and
416milk quality surveys(27,30–34). RDA were carried out using the
417CANOCO statistical package(52). The importance of individual
418factors (breed index, feed composition parameters and milking
419system) was assessed using automatic forward selection within
420RDA, with no interaction terms, using Monte Carlo permutation
421tests (9999 permutations for each randomisation test). Organic
422and conventional production practices were included as passive
423drivers in the RDA carried out to produce the bi-plot in Fig. 5.
424A number of conventional farms included in the cross-
425European farm and milk quality survey used low-input (low
426concentrate, high-grazing-based forage intake) feeding regi-
427mens that conform to organic production standards. We
428therefore carried out a separate RDA in which high- and low-
429input conventional and organic production practice were used
430as separate drivers, to test whether associations between milk
431composition, and organic and low-input, and conventional
432feeding practices were similar (online Supplementary Fig. S34).
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433 Results

434 Characteristics of studies/data included in meta-analyses

435 Analyses were based on data from 196 publications reporting
436 results from farm surveys (127 papers), EX (twenty-two papers),
437 BS (fifty-one papers) or results from more than one type of
438 study (EX, CF and/or BS) (online Supplementary Table S2).
439 Approximately 76% of studies included in meta-analyses
440 were from Europe, mainly from Germany, Sweden, Denmark,
441 UK, Italy and Norway, with most of the balance coming from
442 the USA and Brazil (online Supplementary Table S2 and
443 Fig. S2). A total of 187 studies reported composition data on
444 fresh milk, whereas a smaller number of papers reported data
445 for cheese (thirteen papers), yoghurt (four papers), fermented
446 milk (three papers), curd (one paper) and butter (four papers)

447(online Supplementary Table S2). Only studies reporting data
448on fresh milk were included in meta-analyses.
449Publications reported data on 418 different composition para-
450meters in fresh milk and dairy products, of which 120 were inclu-
451ded in meta-analyses (online Supplementary Tables S6 and S7).
452Studies were universally judged to be at high/unclear risk of
453bias as a result of poor reporting. Insufficient detail was provided
454to assess probability of confounding as a source of heterogeneity
455(online Supplementary Table S2). The impact of the production
456system on the effect magnitude was ascertained where data were
457available using RDA (Fig. 5), but insufficient detail was reported
458in the majority of individual studies resulting in high/unclear risk
459of bias. However, country and production system did explain
460heterogeneity in meta-regressions, which may be related to risk
461of bias (Fig. 4). Overall risk of bias was considered high, but this

Table 1. Grading of Recommendation Assessment, Development and Evaluation (GRADE) assessment of the strength of evidence for standard
meta-analysis for parameters shown in Fig. 2 and 3
(Standardised mean difference values (SMD) and 95% confidence intervals)

Parameters SMD 95% CI Effect magnitude* Inconsistency† Precision‡ Publication bias§ Overall reliability||

Milk yield −1·23 −1·64, −0·81 Large Medium High No High
SFA −0·17 −0·66, 0·31 Small Medium High Strong Low

12 : 0 (lauric acid) 0·18 −1·39, 1·75 Small High Poor Medium Very low
14 : 0 (myristic acid) 0·32 −0·42, 1·05 Small High Moderate Medium Very low
16 : 0 (palmitic acid) −0·50 −1·17, 0·17 Moderate Medium Moderate Strong Low

MUFA 0·18 −0·4, 0·76 Small Medium Moderate Strong Very low
OA (cis-9-18 : 1) 0·28 −0·64, 1·2 Small Low Poor Medium Low
VA (trans-11-18 : 1) 2·48 1·08, 3·87 Large Medium Moderate Medium Moderate

PUFA 0·88 0·19, 1·56 Large Medium Moderate No Moderate
CLA (total) 1·40 0·37, 2·42 Large Medium Moderate Medium Moderate

CLA9 (cis-9-trans-11-18 : 2) 1·22 0·5, 1·95 Large Low Moderate Medium Moderate
CLA10 (trans-10-cis-12-18 : 2) 1·20 −1·03, 3·43 Large Medium Poor Medium Low

n-3 FA 2·18 1·11, 3·25 Large Low Moderate Medium Moderate
ALA (cis-9,12,15-18 : 3) 3·05 2·08, 4·02 Large Medium High Medium Moderate
EPA (cis-5,8,11,14,17-20 : 5) 1·31 0·56, 2·06 Large Medium Moderate Medium Moderate
DPA (cis-7,10,13,16,19-22 : 5) 1·24 0·37, 2·12 Large Low Moderate Medium Moderate
DHA (cis-4,7,10,13,16,19-22 : 6) 0·21 −0·26, 0·68 Small Low High No Moderate

VLC n-3 PUFA¶ – – – – – – –

n-6 FA −0·06 −0·97, 0·86 Small High Moderate Medium Very low
LA (cis-9,12-18 : 2) −0·92 −1·96, 0·11 Moderate Medium Poor Medium Low
AA (cis-5,8,11,14-20 : 4) −0·98 −1·95, 0 Moderate Medium Poor Strong Very low

LA:ALA ratio¶ – – – – – – –

n-6:n-3 Ratio −2·26 −4·34, −0·18 Large High Poor Medium Low
n-3:n-6 Ratio 1·50 0·81, 2·19 Large Low Moderate Medium Moderate
α-Tocopherol 0·74 0·01, 1·47 Moderate Medium Moderate Medium Low
Carotenoids 0·69 −0·73, 2·1 Moderate High Poor No Low

β-Carotene 0·08 −0·51, 0·67 Small Low Moderate No Moderate
Lutein 0·85 −0·98, 2·68 Large Medium Poor No Moderate
Zeaxanthin – – – – – – –

I −1·20 −1·8, −0·59 Large Low Moderate No High
Fe 0·37 0·03, 0·71 Moderate Low High No High
Se −0·49 −0·89, −0·1 Moderate Low High Medium Moderate
Urea −0·42 −1·04, 0·19 Moderate Low Moderate No Moderate
SCC 0·20 −0·43, 0·82 Small Medium Moderate Medium Low

OA, oleic acid; VA, vaccenic acid; FA, fatty acids; ALA, α-linolenic acid; VLC n-3 PUFA, very long-chain n-3 PUFA (EPA+DPA+DHA); LA, linoleic acid; AA, arachidonic acid.
* Study quality was considered low because of high risks of bias and potential for confounding. However, we considered large effects to mitigate this sensu GRADE; large effects

were defined as >20%, moderate effects 10–20 and small <10%.
† Inconsistency was based on the measure of heterogeneity and consistency of effect direction sensu GRADE.
‡ Precision was based on the width of the pooled effect CI and the extent of overlap in substantive interpretation of effect magnitude sensu GRADE.
§ Publication bias was assessed using visual inspection of funnel plots, the Egger tests, two tests of fail-safe n, and trim and fill (see the online Supplementary Table 13). Overall

publication bias was considered high when indicated by two or more methods, moderate when indicated by one method and low when no methods suggested publication bias.
|| Overall quality of evidence was then assessed across domains as in standard GRADE appraisal; high when there was very high confidence that the true effects lie close to that of

estimate, moderate when there was moderate confidence in effect estimate and the true effect is likely to be close to the estimate but there is a possibility that it is substantially
different, low when the confidence in the effect estimate was limited and the true effect may be substantially different from the estimate, very low when there was very little
confidence in the effect estimate and the true effect is likely to be substantially different from the estimate.

¶ Calculated based on published fatty acid composition data.
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462 was mitigated by large effect magnitudes for fourteen of
463 thirty-one outcomes (Table 1).

464 Milk yield per cow

465 WM showed that the average milk yield (kg milk/cow per d or
466 kg milk/lactation) was significantly lower in organic (−23; 95%
467 CI −31, −15%) compared with conventional production systems
468 (Fig. 2; online Supplementary Table S9 and Fig. S3). However,
469 no significant effect of production system was detected for the
470 fat and protein content of milk. Total milk protein and fat yield
471 per cow were therefore also estimated to be approximately
472 20% lower for organic herds (online Supplementary Table S11).

473 Composition of organic and conventional bovine milk

474 Fatty acid composition. For FA composition, a substantial
475 evidence base (number of comparisons) was available and for
476 most nutritionally relevant parameters more than ten com-
477 parative data-pairs were available for WM. The main exceptions
478 were CLA (trans-10-cis-12-18 : 2), the VLC n-3 PUFA (EPA+
479 DPA+DHA) and arachidonic acid (AA) for which less than
480 eight data-pairs were available for WM (Fig. 2).
481 WM showed that organic and conventional milk had similar
482 concentrations of total SFA and MUFA, but detected
483 significantly higher concentrations of total PUFA in organic milk
484 with an MPD of 7·3 (95% CI −0·7, 15)%.
485 Among the PUFA, the largest differences were found for n-3
486 PUFA. WM detected significantly higher concentrations of total
487 n-3 PUFA, ALA, EPA and DPA, in organic compared with
488 conventional milk (Fig. 2). The MPD was 56 (95% CI 38, 74)%
489 for total n-3 PUFA, 68 (95% CI 53, 84)% for ALA, 67 (95% CI 32,
490 102)% for EPA, 45 (95% CI 18, 71)% for DPA and 21 (95% CI −3,
491 47)% for DHA (Fig. 2; online Supplementary Table S9).
492 WM also detected significantly higher total CLA (all CLA
493 isomers) and CLA9 (cis-9,trans-11-18 : 2; the dominant CLA
494 isomer found in milk) and vaccenic acid (VA, a MUFA
495 metabolised to CLA9 by mammals, including humans) in organic
496 milk (Fig. 2). The MPD were 41 (95% CI 14, 68)% for total CLA,
497 24 (95% CI 8, 39)% for CLA9 and 66 (95% CI 20, 112)% for VA
498 (Fig. 2; online Supplementary Table S9).
499 In contrast, no significant differences in the concentration of
500 total n-6 PUFA and LA (the dominant n-6 FA found in milk) were
501 found between organic and conventional milk (Fig. 2). However,
502 WM detected significantly lower concentrations of the n-6 PUFA
503 AA (another n-6 FA) in organic milk (Fig. 2). The LA:ALA and
504 n-6:n-3 PUFA ratios were therefore significantly lower in organic
505 compared with conventional milk (Fig. 2).
506 The LA:ALA ratio was 2·8 (95% CI 2·0, 3·6)% in organic and 5·0
507 (95% CI 1·1, 23·1)% in conventional milk and the n-6:n-3 ratio
508 was 3·6 (95% CI 1·9, 5·2)% in organic and 5·4 (95% CI 3·4, 7·4)%
509 in conventional milk (Fig. 2; online Supplementary Table S9).
510 UM (sensitivity analysis 1 carried out to assess the impact of
511 including data from a larger number of studies) gave very
512 similar results to WM (Fig. 2). UM was also carried out for total
513 VLC n-3 PUFA (EPA+DPA+DHA) and detected significantly
514 higher concentrations in organic milk with an MPD of 57
515 (95% CI 27, 87)%.

516For a range of specific SFA, MUFA and PUFA and other FA
517groups, WM did not detect significant differences, and this inclu-
518ded 4 : 0 (butyric acid), 6 : 0 (caproic acid), 10 : 0 (capric acid),
51913 : 0 (tridecylic acid), 18 : 0 (stearic acid), 12 : 0 + 14 : 0 + 16 : 0
520(USFA), 18 : 1, 18 : 2, 18 : 3, 10 : 1 (4-cis-decenoic acid), 12 : 1
521(lauroleic acid), 14 : 1 (myristoleic acid), 16 : 1 (palmitoleic acid),
52217 : 1 (heptadecenoic acid), cis-11-18 : 1 (cis-VA), cis-12-18 : 1,
523cis-13-18 : 1, trans-9-18 : 1 (elaidic acid), trans-12-18 : 1, trans-6-8-
52418 : 1, CLA (trans-7,9-18 : 2), CLA (trans-9,11-18 : 2), CLA
525(trans-11,13-18 : 2), CLA (trans-12,14-18 : 2), cis-11,14-20 : 2,
526eicosatrienoic acid (cis-11,14,17-20 : 3), long-chain FA, medium-
527chain FA and SCFA (online Supplementary Table S12).
528Results of the unweighted sensitivity analysis 1 (UM) were
529broadly similar, but UM also detected significantly lower 16 : 0 and
530AA concentrations, significantly higher CLA (trans-10-cis-12-18 : 2)
531and total VLC n-3 PUFA (EPA+DPA+DHA) and a lower LA:ALA
532ratio in organic milk (Fig. 2).

533Antioxidants/vitamins and minerals. The available evidence
534base for antioxidants/vitamins and minerals was smaller than
535for FA composition. With the exception of α-tocopherol,
536β-carotene, I and Fe (for which nine, seven, six and eight
537data-pairs were available for WM, respectively), the number of
538data-pairs available for WM was five or less (Fig. 3).
539WM detected slightly, but significantly, higher α-tocopherol
540and Fe concentrations, but lower I and Se concentrations in
541organic compared with conventional milk (Fig. 3). The MPD was
54213 (95% CI 1, 26)% for α-tocopherol, 20 (95% CI 0, 41)%
543for Fe, −74 (95% CI −115, −33)% for I and −21 (95% CI −49, 6)%
544for Se (Fig. 3; online Supplementary Table S9).
545Results obtained by UM were broadly similar to those of the
546standard WM, but UM did detect significantly higher zeaxanthin
547concentrations in organic milk, but did not detect a significant
548difference for Fe (Fig. 3).
549For a range of other vitamins/antioxidants and minerals, both
550WM and UM did not detect significant differences, including
551vitamin A, C, D3, vitamin E activity, Ca, Co, Cu, Mg, Mn, Mo, P, K,
552Na and Zn, as well as the toxic metals Ca and Pb, but the number
553of data-pairs available was low for most of these parameters
554(online Supplementary Tables S11 and S12).

555Urea and somatic cell counts. For urea and somatic cell
556counts (SCC), a more substantial evidence base (seven and
557twenty-five data-pairs, respectively) was available for WM
558(Fig. 3). No significant differences in urea and SCC between
559organic and conventional milk could be detected (Fig. 3).

560Composition of organic and conventional sheep, goat and
561buffalo milk

562There are currently very few published studies that report
563comparative yield (n 5) and/or composition data (n 3 or 4) for
564sheep, goat and/or buffalo milk. This makes it impossible to
565carry out accurate quantitative estimates of composition differ-
566ences by meta-analysis. However, for parameters for which
567sufficient data (n≥ 3) were available, we carried out WM to test
568whether there may be similar trends to those detected for
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569 bovine milk (online Supplementary Fig. S35). When pooled
570 data for sheep, goat and buffalo milk were compared by WM,
571 no significant difference in milk yield per animal, PUFA and VA
572 concentrations and SCC were detected. However, significantly
573 higher concentrations of MUFA, CLA9 and ALA, and
574 significantly lower concentrations of LA in organic milk, were
575 detected and there was a trend (P= 0·09) towards higher PUFA
576 concentrations in organic milk.

577 Effects of country/geographic region, study type and other
578 sources of variation

579 Comparison of concentrations of total PUFA, n-3 PUFA and CLA
580 in organic and conventional bovine milk from different coun-
581 tries/geographic regions showed considerable variation
582 between countries (and in some cases also between different
583 studies from the same country) (Fig. 4).
584 Heterogeneity was high (I2> 75%) for approximately two-
585 thirds of bovine milk composition parameters included in WM
586 (nineteen of the thirty-one parameters shown in Fig. 2 and 3),
587 with I2 ranging from 98% for lauric acid to 81% for MUFA. On
588 the other hand, for approximately one-third of composition
589 parameters (twelve of the thirty-one parameters shown in Fig. 2
590 and 3), low or moderate heterogeneity was detected with
591 I2 ranging from 0% for Fe and Se to 72% for SFA (Fig. 2 and 3).
592 No substantive funnel plot asymmetry was detected for any
593 parameters shown in Fig. 2 and 3, except for milk yield, palmitic
594 acid, MUFA and AA, for which strong funnel plot asymmetry
595 consistent with a publication bias was detected. However, it is
596 not possible to definitively attribute discrepancies between
597 large, precise studies and small imprecise studies to publication
598 bias, which is strongly suspected, rather than detected,

599where asymmetry is severe (Table 1; online Supplementary
600Table S13).
601When meta-analysis results obtained from different study
602types (BS, CF, EX) were compared, broadly similar results were
603obtained for most composition parameters included in Fig. 2
604(online Supplementary Fig. S3–S33). However, differences
605between study types were detected for 12 : 0 (lauric acid) and
606oleic acid (OA) (online Supplementary Fig. S5 and S9). For
607many parameters, there was considerable variation between
608results obtained in different countries and in some cases also
609different studies carried out in the same country (online
610Supplementary Fig. 3–33).
611For many parameters, MPD based on all available
612data produced values similar to those calculated using
613only data for which measures of variance were reported
614(i.e. those qualifying for WM) (Fig. 2 and 3; online
615Supplementary Table S9). However, for DHA, β-carotene and
616lutein, inclusion criteria had a large effect on the MPD.
617In addition, when the calculated MPD were superimposed
618onto SMD (with 95% CI) results at an appropriate scale
619(−80 to +80 for MPD and −3 to +3 for SMD), a reasonable
620match was observed, with MPD for most constituents
621falling within the 95% CI for SMD (Fig. 2 and 3). However,
622for some parameters (EPA, DHA, n-3:n-6 ratio and I), MPD
623fell outside the 95% CI of SMD and therefore ought to be seen as
624less reliable.
625For the composition parameters included in Fig. 2 and 3,
626sensitivity analyses based on (1) different inclusion criteria/
627data-handling methods for UM or WM or (2) exclusion of 20%
628of studies with the least precise treatment effects from the WM
629produced broadly similar results to the standard meta-analysis
630protocols.
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631 Overall assessment of the strength of evidence using an
632 adapted GRADE(47) approach highlighted some uncertainties in
633 the evidence base, but overall strength of evidence of WM
634 results was high or moderate for seventeen of the thirty-one
635 parameters shown in Fig. 2 and 3 (Table 1).

636 Relationship between management and milk composition

637 The bi-plot derived from the RDA (Fig. 5) shows the
638 relationships between diet components and the breed index
639 (proportion on non-Holstein Friesian genetics in the herd), and
640 the nutritional composition of milk. The horizontal axis 1 of the
641 bi-plots explained 51% of the variation and the vertical axis 2 a
642 further 1·1%. Variance in the RDA was explained by the intakes
643 of concentrate feeds (F= 241, P= 0·002), hay and straw (F= 64,
644 P= 0·002), maize silage (F= 48, P= 0·002), breed index (F= 14,
645 P= 0·002), other silages (F= 14, P= 0·002) and grazing-based
646 fresh forage intake (F= 1, P= 0·280).
647 RDA results indicated negative associations between con-
648 centrate, maize silage, other silages and hay and straw intakes
649 and a number of nutritionally desirable FA (total PUFA, n-3
650 PUFA, ALA, CLA9) and antioxidants (3R stereoisomers of
651 α-tocopherol, β-carotene, lutein and zeaxanthin) along axis 1.
652 These milk composition parameters also showed strong posi-
653 tive associations with grazing intake (Fig. 5).
654 In contrast, there were positive associations between con-
655 centrate, maize silage, other silages and hay and straw intakes,
656 and SFA, 16 : 0, total n-6 PUFA, LA, 2R stereoisomers of
657 α-tocopherol and the n-6:n-3 PUFA ratio, along axis 1.

658The same milk composition parameters showed negative
659associations with grazing intake (Fig. 5).
660Associations between the breed index and milk composition
661were generally weaker (Fig. 5).
662Organic and conventional management were included as
663passive drivers in the RDA and aligned with the active drivers
664(1) grazing and grass silage intake, or (2) concentrate, maize
665and other silages and hay and straw intake, respectively, as well
666as associated milk quality parameters (Fig. 5).
667A separate RDA was carried out in which data from con-
668ventional farms that used high-grazing-based feeding regimens
669(which conformed with organic feed regulations) were included
670as an additional passive driver (low-input conventional)
671(online Supplementary Fig. S34). Organic and low-input
672conventional systems are in a very similar position on the
673bi-plot, suggesting that they have a very similar impact on milk
674composition (Fig. 5).

675Discussion

676Milk yields in organic and conventional dairy production
677systems

678The meta-analysis results showing that milk yields per cow
679were on average 20% lower in organic compared with
680conventional systems confirms results from a previous meta-
681analysis(13), which linked lower yields per cow to the use of
682high grazing/conserved forage diets used in organic dairy
683systems. This confirms previous studies that reported that
684grazing-based diets result in lower yield per cow than the
685higher-concentrate diets typically used in high-input conven-
686tional dairy production(27,30–34,48,53). However, the study of
687Palupi et al.(13) also reported higher total fat and protein content
688for organic milk, whereas the meta-analysis reported here
689found no significant difference in total fat and protein content
690between organic and conventional milk.

691Composition of milk from organic and conventional dairy
692production systems

693Fatty acid composition. Results of the meta-analyses reported
694here showed that organic milk had a similar total SFA
695and MUFA content, but higher concentrations of total PUFA and
696n-3 PUFA compared with conventional milk, which is
697broadly consistent with results from three previous meta-
698analyses(10,13,14).
699The findings of higher concentrations of (1) individual n-3
700PUFA (ALA, EPA and DPA), (2) VA, (3) CLA9 and higher n-3:n-6
701ratios in organic milk in this study are also consistent with
702results reported by Palupi et al.(13). Dangour et al.(10) and
703Smith-Spangler et al.(14) did not publish meta-analysis results for
704individual n-3 PUFA, CLA9 and n-3:n-6 or n-6:n-3 ratios in milk,
705but the higher VA concentrations in organic milk were also
706confirmed by Smith-Spangler et al.(14).
707Palupi et al.(13) also detected significantly lower concentra-
708tions of total n-6 PUFA, LA and OA (the main MUFA in milk).
709For these parameters, no significant difference was detected in
710the meta-analyses reported here.
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OA, oleic acid (cis-9-18 : 1); ORG, organic production system; OS, other silage;
PA, palmitic acid (16 : 0); SA, stearic acid (18 : 0); VA, vaccenic acid
(trans-11-18 : 1); ZE, zeaxanthin.
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711 Sensitivity analyses showed that for most of the FA compo-
712 sition parameters discussed above the method of data synthesis
713 did not have a large effect on results, in terms of both statistical
714 significance and the magnitude of difference between organic
715 and conventional milk. This indicates that there is now a
716 sufficiently large body of published information on the FA
717 composition of organic milk to identify substantive differences
718 across study types and pedo-climatic and agronomic environ-
719 ments. It also increases confidence in conclusions drawn
720 regarding potential nutritional impacts of switching from
721 conventional to organic milk consumption (see also below).
722 RDA of data from a large cross-European farm and milk
723 quality survey identified contrasting feeding regimens
724 (especially the proportion of grazing, concentrate and con-
725 served forage in the diet) used in organic and conventional
726 production systems as the main drivers for differences in milk
727 fat and antioxidant profiles. Most importantly, RDA results
728 indicate that high fresh forage intakes by grazing animals (as
729 prescribed by organic farming standards) increase concentra-
730 tions of nutritionally desirable FA (e.g. PUFA, MUFA, n-3 PUFA,
731 ALA, cis-9,trans-11-CLA) and antioxidants/vitamins (except for
732 synthetic 2R stereoisomers of α-tocopherol) in milk, whereas
733 high concentrate intakes have an opposite effect. Results from
734 the RDA also indicated that high intakes of concentrate (and to
735 a lesser extent grass and maize silages) increase concentrations
736 of total n-6 FA, LA and AA in milk. When included as a passive
737 driver in the RDA, the alignment of ‘organic management’ with
738 grazing intake and conserved forage feeding and ‘conventional
739 management’ with concentrate intake and vitamin supple-
740 mentation further supports the conclusion that contrasting
741 feeding regimens are the main reason for the composition
742 differences between organic and conventional milk.
743 These results are consistent with the findings of a wide range
744 of experimental studies that investigated contrasting dairy cow
745 diets on rumen biohydrogenation and other processes
746 influencing milk fat composition and demonstrated the benefits
747 of high-forage diets on milk fat quality (e.g. concentrations
748 of beneficial PUFA and antioxidants)(53–56). A recent Norwegian
749 study also showed that management and botanical composition
750 of grassland significantly affects the n-3 PUFA concentration
751 in milk from organic but not conventional farms(57). It is
752 also interesting to note that models to predict milk FA profiles,
753 based on farming practice, especially feeding regimens,
754 have recently been developed using data collected in on-farm
755 surveys(56).
756 The fat concentrations and FA profiles in milk from small
757 ruminants (goats and sheep) and buffalo are known to differ
758 from those of bovine milk(58), and available data for goat, sheep
759 and buffalo milk were therefore not pooled with data for bovine
760 milk in meta-analyses. However, when comparative composi-
761 tion data for milk from small ruminants (sheep and goats) and
762 buffalo were pooled, it was possible to carry out meta-analyses
763 for certain fat composition parameters (e.g. total MUFA and
764 PUFA, VA, CLA9 and LA). Although these showed some com-
765 position difference (e.g. higher CLA and ALA concentrations in
766 organic milk) similar to those detected for bovine milk, there
767 were also some differences (e.g. higher MUFA and lower LA
768 concentrations in organic milk). Additional and more substantial

769comparative studies for non-bovine milk are therefore required
770to confirm results, before conclusions can be drawn as to
771potential health impacts of switching to organic milk and dairy
772products from small ruminants and buffalo.
773There were insufficient published comparative data to carry
774out robust meta-analysis for FA concentrations in processed
775dairy products (e.g. fermented milk, yoghurt, cheese, curd,
776butter and whey). However, results in the small number of
777studies available showed similar trends to those found for milk
778for a range of fat composition parameters including for total n-3
779PUFA, VLC n-3 PUFA and CLA9. This is not surprising, as pre-
780vious studies suggest that processing has no or only a small
781impact on FA profiles in milk(27).

782Antioxidant/vitamin and minerals. Results indicated that
783organic milk has higher concentrations of α-tocopherol, which
784is consistent with the results of the only one previous meta-
785analysis comparing α-tocopherol concentrations in bovine
786milk(13). A study from the UK in which concentrations of dif-
787ferent stereoisomers of α-tocopherol were compared in organic
788and conventional milk indicated that this is because of 3R
789α-tocopherol (the dominant stereoisomer found in bovine milk)
790concentration being higher in organic milk, whereas concentra-
791tion of the 2R stereoisomers were similar in organic and con-
792ventional milk(30). This is not surprising, as (1) organic farming
793standards prescribe high intakes of fresh forage, which is the
794main, natural source for α-tocopherol in the dairy diet and nearly
795exclusively contains 3R stereoisomers of α-tocopherol; and
796(2) 2R stereoisomers are only found in synthetic vitamin E
797supplements, which are widely used in conventional dairy pro-
798duction, but prohibited under organic farming standards(27,30).
799However, it should be pointed out that in some European
800countries (e.g. the Nordic countries) organic farmers can obtain
801derogations to use synthetic vitamins, especially during the
802winter indoor period(13,30). Sensitivity analysis showed that the
803method of data synthesis did not have a large effect on results,
804in terms of both statistical significance and the magnitude of
805difference between organic and conventional milk.
806Not surprisingly, RDA identified vitamin supplements as a
807strong driver for increased concentration of the 2R stereoisomers
808of α-tocopherol in milk, as the synthetic vitamin E in supple-
809ments contains a high proportion of the 2R stereoisomers(30). In
810contrast, RDA identified fresh forage intake as a strong driver for
811concentrations of 3R stereoisomers of α-tocopherol and
812carotenoids in milk. The RDA therefore supports the findings of
813the meta-analyses, one other review/meta-analysis(13) and a
814previous UK study(30), which concluded that higher intake of
815natural α-tocopherol and carotenoids from fresh forage in
816organic dairy systems more than compensates for synthetic
817vitamin supplementation in conventional systems with respect to
818vitamin concentrations in milk.
819The finding of lower I and Se concentrations in organic milk
820are more surprising, as mineral supplementation is permitted
821under organic farming standards, if necessary, and is widely used
822in both organic and conventional dairy productions, as they
823were shown to improve animal health(59,60). There are published
824data on the relative use of mineral and I supplements in organic
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825 and conventional systems. However, the amounts of I supple-
826 ments used in organic dairy systems is likely to be lower(61)

827 (P. Melchett, Soil Association, personal communication) than in
828 conventional farming systems. This is may be because of
829 (1) organic systems using less concentrate feeds, (2) mineral
830 supplementation having to be specifically requested by farmers
831 for organic feeds in many countries (whereas mineral supple-
832 ments are routinely added to conventional concentrate feeds)
833 and/or (3) the use of I teat disinfection (which is known to
834 significantly increase I concentrations in milk(59)) being less
835 common in organic production. I in milk is known to fluctuate
836 seasonally(62), reflecting greater supplementation of dairy cows
837 in winter compared with summer. It is also strongly influenced
838 by proximity to the sea, as I is deposited from marine evapora-
839 tion, and can be lost during processing with high-temperature
840 pasteurisation(59). However, publications reporting comparative
841 data on I concentrations provide insufficient information on the
842 location, teat disinfection methods and details of mineral sup-
843 plements used on farms that produced the milk samples, and it
844 therefore remains unclear to what extent these factors affected
845 the results of the meta-analyses. Although the I content of
846 organic milk was significantly lower, concentrations in both
847 organic (147μg/l) and conventional (248 μg/l) milk fall within
848 the range reported in a review of European farm surveys by
849 Flachowsky et al.(59) which suggested that current I concentra-
850 tions in milk may be too high in animals receiving high levels of
851 feed I. For this reason EFSA have proposed a reduction in the
852 permitted levels of I in dairy cattle feed from 5 to 2mg I/kg
853 feed(63). However, it should be pointed out that the I require-
854 ment in pregnant and breast-feeding women is higher (250μg/d)
855 than in other adults (150 μg/d)(64). As dairy products are a major
856 source of I, low levels of dairy consumption in these groups is
857 therefore more likely to result in deficiency with organic dairy
858 products, especially if I intakes are not increased by other means
859 (e.g. consumption of fish, shellfish, I-fortified table salt or I
860 supplements).
861 Se concentrations in milk reflect the Se intake by lactating
862 cows, from that naturally occurring in their feed (largely
863 dependent on soil Se status) and that added as supplements(62).
864 Although results of the meta-analysis show concentrations of Se
865 in organic milk to be slightly but significantly lower than
866 conventional milk, mean values for both fall between levels
867 reported for milk from USA (considered to have a high Se
868 status) and Norway (considered to be low in Se)(62). ApartQ6 from
869 mineral supplements, contrasting conditions (Se concentrations,
870 fertilisation regimens and soil pH) and their impact on Se con-
871 centrations in forage and concentrate feeds may also
872 contribute to the difference in Se concentrations between
873 organic and conventional milk. For example, in Finland, mineral
874 N fertiliser is supplemented with Se to compensate for the low Se
875 concentrations in Finnish soils; however, as mineral N fertilisers
876 are not permitted under organic farming standards, contrasting
877 fertilisation regimens may at least partially explain differences in
878 Se content of organic and conventional milk(65).
879 The finding of marginally higher concentration of Fe in
880 organic compared with conventional milk is largely incon-
881 sequential, as milk is widely recognised as a relatively poor
882 source of dietary Fe(66).

883Mineral composition was not determined in the cross-
884European dairy management and milk yield and quality
885survey used from RDA. It would therefore be important to carry
886out mineral composition surveys across regions with different
887pedo-climatic conditions and dairy management practices to
888identify the main drivers for mineral composition in both organic
889and conventional dairy production.
890Mineral supplementation standards and guidelines are
891currently reviewed by organic sector bodies and certification
892organisations; there is an ongoing R&D programme to evaluate
893strategies available for raising concentrations of certain minerals
894in UK organic milk (especially I and Se) and associate benefits
895and risks(67). There are well-established relatively inexpensive
896sustainable methods (e.g. increased use of mineral supplement,
897use of I teat disinfectants, use of Se-fortified organic fertilisers
898or sustainably sourced seaweeds) to increase both I and Se
899concentrations, but the main challenge with both minerals is that
900both inadequate and excessive supply have negative health
901impacts and that the amounts for adequate and excessive supply
902are close(59,65) (see also section on ‘Potential nutritional impacts
903of composition differences’).

904Potential nutritional impacts of composition differences

905Dietary n-3 PUFA intakes. Adequate intakes (AI) for PUFA
906recommended for adults by the EFSA are 4–8% of energy intake
907for LA, 0·5–0·75% of energy intake for ALA and 250–550mg/d
908for EPA+DHA(49,68). EFSA also recommended an additional
909100–200mg/d DHA intake during pregnancy and lactation(49,68).
910Current estimated mean intakes are known to be too high for LA,
911match AI recommendations for ALA, but reach less than half the
912AI for VLC n-3 PUFA(49,68). North American and European
913agencies currently advise consumers to increase fish and espe-
914cially oily fish (e.g. salmon and herring) consumption to improve
915VLC n-3 PUFA intake and reduce CVD risk(69). Unfortunately,
916implementing these recommendation of higher fish consumption
917widely across the human population is thought to be impossible,
918as most of the world’s fish stocks are already fully or over-
919exploited. In addition, concerns about the sustainability/envir-
920onmental impacts of fish farming, Hg/dioxin contamination
921levels in oil-rich fish in some regions of the world and recent
922studies linking very high intakes of oily fish/fish oil supplements
923with an increased prostate cancer risk(69–71) cast further doubt on
924this approach. It is therefore thought to be essential to develop
925additional/complementary dietary approaches to increase long-
926chain n-3 FA supply in line with current AI recommendations.
927On the basis of the meta-analyses results, concentrations of
928VLC n-3 PUFA were estimated to be 58% higher in organic
929compared with conventional milk, and a switch from conven-
930tional to organic milk and dairy consumption could therefore be
931one such complementary dietary approach, especially as recent
932studies indicate that processing of milk into high-fat products
933such as butter and cheese (which account for a high proportion
934of milk fat intake) does not change the fat composition and the
935relative difference in n-3 PUFA between organic and conven-
936tional dairy products(27,72). For example, consumption of half a
937litre of full-fat milk (or equivalent fat intakes with dairy
938products) can be estimated to provide 34 and 22% of the actual
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939 and 16% (39mg) and 11% (25mg) of the recommended daily
940 VLC n-3 PUFA intake with organic and conventional milk
941 consumption, respectively.
942 The estimated additional VLC n-3 PUFA intake with organic
943 milk does not take into account potential increases in the ALA to
944 EPA conversion rates associated with the lower LA:ALA ratio
945 in organic milk/dairy products (discussed below) and the relative
946 capacity of individuals to convert/elongate ALA into longer-chain
947 n-3 PUFA(73–75). However, it should be pointed out that there is
948 still considerable scientific uncertainty about the effect of LA
949 intake on ALA to VLC n-3 conversion(69,73–80).

950 Dietary n-6:n-3 and linoleic acid:α-linolenic acid ratios. It
951 has been suggested that dietary intake of n-6 (especially LA)
952 relative to n-3 FA is too high in typical Western European
953 diets(81); estimates for n-6:n-3 PUFA ratios are between 12:1 and
954 15:1, and for some individuals they are as high as 40:1(49,68,82).
955 Current recommendations are to achieve an n-6:n-3 ratio
956 between 4:1 and 1:1(83). Reductions in total n-6 and LA intake
957 have been suggested because LA is the precursor of the pro-
958 inflammatory FA AA and stimulates adipogenesis (and thereby
959 the risk of obesity) to a greater extent than n-3 FA(81). In
960 addition, excessive LA intakes during pregnancy and the first
961 years of life have been linked to a range of neurodevelopmental
962 deficits and abnormalities(84), and there is evidence that high
963 n-6:n-3 PUFA and LA:ALA ratios in the diet increases the risk of
964 a range of other chronic diseases including certain cancers,
965 inflammatory and autoimmune diseases, and CVD(49,68).
966 However, it is difficult to estimate to what extent the differ-
967 ences in FA profiles may affect human health, as there are only a
968 small number of studies in which health impacts of switching
969 from organic to conventional milk consumption were studied.
970 One study focused on the effect of organic milk consumption on
971 eczema in children under 2 years in the Netherlands
972 (a country with relatively high milk consumption)(85). It reported
973 that eczema was significantly lower in children from families
974 consuming organic rather than conventional milk. This may have
975 been because of the higher n-3 PUFA concentrations and lower
976 n-6:n-3 PUFA ratio in organic milk, as there is increasing evi-
977 dence for anti-allergenic effects of n-3 FA(76). For example, a
978 recent animal study showed that increasing dietary VLC n-3
979 PUFA intake prevented allergic sensitisation to cows’ milk pro-
980 tein in mice(77). Two other cohort studies (one in Denmark and
981 one in Norway) investigated associations between milk/dairy
982 product consumption during pregnancy and the incidence of
983 hypospadias, the most common genital birth defect in boys(86,87).
984 The Danish study found that ‘frequent consumption of high-fat
985 dairy products (milk, butter) while rarely or never choosing the
986 organic alternative to these products during pregnancy was
987 associated with increased odds of hypospadia’(86). The more
988 recent Norwegian study confirmed these results and reported
989 that (1) organic food consumption was associated with lower
990 odds of hypospadia, and (2) the closest associations were found
991 with organic vegetable and milk/dairy product consumption(87).

992 CLA. Milk and dairy products account for up to 67% of total
993 dietary CLA intake, as CLA is only found in ruminant fat(88).

994Organic milk was found to have 39% higher concentrations of
995CLA than conventional milk, but it also had 46% higher
996concentrations of VA, which is converted to CLA by human
997desaturase enzymes. Thus, the potential increase in CLA supply
998with organic dairy consumption may be even higher(31–33,89).
999CLA has been linked to anti-obesity, anti-diabetogenic, anti-

1000carcinogenic and other potential health benefits. However,
1001most evidence for beneficial health impacts of CLA consump-
1002tion is from in vitro and animal studies in which diets were
1003supplemented with synthetic CLA, and human dietary inter-
1004vention studies often did not detect significant effects of
1005increasing CLA intake(21,22). As a result, there is still controversy
1006about the exact health impacts of increased CLA intake in
1007humans and the dose/intake levels required to demonstrate
1008beneficial effects(22).
1009A recent meta-analysis of eighteen human studies concluded
1010that CLA supplementation produces a modest weight loss in
1011humans, when very high doses of synthetic CLA (approximately
10123·2g/d) were used(90). However, it is also important to point out
1013that most in vitro, and both animal and human dietary inter-
1014vention, studies were carried out using synthetic CLA, which has a
1015different CLA isomer balance to the naturally occurring CLA found
1016in milk(30,31). As CLA isomers differ in their biological activity,
1017results from animal and human dietary intervention studies based
1018on synthetic CLA may not reflect the physiological effects of
1019increasing CLA intake via a switch to organic milk consumption.
1020For example, anti-obesity effects were mainly linked to CLA10
1021(trans-10-cis-12-18 : 2), which makes up 50% of synthetic
1022CLA(21,22). In contrast, CLA in milk is over 80% CLA9 (cis-9-trans-
102311-18 : 2), with CLA10 accounting for <10% of total CLA(30,31).
1024To our knowledge, no animal or human dietary intervention
1025studies in which the effect of increasing CLA intake via milk and
1026dairy products with a higher CLA content (e.g. organic milk) have
1027been carried out, and until such studies have been completed it is
1028not possible to estimate potential health impacts of increasing
1029CLA consumption via switching to organic milk consumption.

1030Antioxidants/vitamins and minerals

1031Antioxidants/vitamins. Increased dietary intakes of fat-soluble
1032vitamins/antioxidants such as carotenoids and α-tocopherol are
1033thought to be nutritionally desirable. Increased antioxidant
1034intake has been shown to reduce oxidative stress, a known risk
1035factor in a range of chronic health conditions such as CVD,
1036certain cancers and reduced immune status(91). However, as
1037dairy products are not major sources of vitamin E and car-
1038otenoids in the human diet, it is unlikely that the slightly higher
1039α-tocopherol concentrations found in organic milk will have a
1040major health impact in humans.

1041Iodine. The daily recommended intake for I in UK is 140 µg/d(92).
1042Milk and dairy products are important dietary sources for I, and
1043they have been reported to supply 30–60% of intake(59). On the
1044basis of the results from the meta-analyses, a daily consumption
1045of half a litre of milk is therefore estimated to provide 53 and 88%
1046of daily I intake from organic and conventional milk, respectively.
1047At this level of milk/dairy consumption, both organic and
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1048 conventional products would be expected to provide adequate
1049 but not excessive intakes.
1050 Although there is a focus on overcoming I deficiency in some
1051 countries and sectors of society(93,94), there is also concern that
1052 excessive concentrations of I in milk and dairy products
1053 could result in thyrotoxicosis and other adverse health effects in
1054 both livestock and humans(95–97). This apparent contradiction
1055 arises from a combination of (1) the relatively narrow
1056 margin between dietary I deficiency (<140μg/d) and excess
1057 (>500 μg/d), (2) the wide range in I concentrations found in
1058 milk and (3) variation in milk and dairy consumption. I intakes
1059 from both organic and conventional milk could be excessive in
1060 regions with very high milk and dairy consumption, such
1061 as Finland, Sweden and the Netherlands, where average
1062 daily consumption of milk is close to 1 l/d(98). A recent review
1063 on I also suggests that the widespread use of I as a teat
1064 disinfectant and high I supplementation of livestock feeds has led
1065 to excessive dietary intakes of I and negative effects on human
1066 health in some regions of the world (e.g. North America)
1067 and highlight recent recommendations to reduce permitted levels
1068 of I supplementation for livestock(59). The slightly lower (20%)
1069 I levels from organic production systems could therefore be
1070 considered beneficial and may soon be matched in conventional
1071 dairy production(59).
1072 On the other hand, it has also been suggested that a lower I
1073 content in organic milk could result in deficiency in population
1074 groups with a higher demand of I (e.g. pregnant, nursing
1075 and young women), low dairy consumption and/or insufficient
1076 supply of I from other foods(99,100). However, it may not be
1077 sensible to strive to raise I levels in milk to accommodate
1078 population groups with a high I requirement or low
1079 dairy consumption, as this increases the risk of excessive
1080 intakes by population groups with an average I need and/or high
1081 milk consumption. Adjusting dairy I supplementation and
1082 concentrations in milk to meet ‘average’ or ‘slightly below
1083 average’ needs of consumers is thought to be a better strategy, as
1084 it (1) reduces the health risks from excessive supply for
1085 consumers with high dairy intakes and (2) is relatively easy
1086 for individuals with a high I demand and/or low dairy intake to
1087 raise their I intake to satisfactory levels via mineral supplements
1088 and/or the use of I-fortified table salt(95,99,100).

1089 Selenium. Se concentrations in animal feed and foods are
1090 increasingly recognised as being too low in many regions of the
1091 world. Insufficient Se supply was more frequently associated
1092 with livestock rather than human diets and can impair immune
1093 and antioxidant status(62,66). Milk and dairy products are one
1094 source for Se in the human diet(65), and results from the
1095 meta-analysis show lower concentrations of Se in organic
1096 compared with conventional milk. However, switching from
1097 conventional to organic milk/dairy product consumption is
1098 unlikely to have a major effect on Se intake, especially in
1099 regions with low to moderate dairy consumption. On the
1100 basis of UK nutrient requirements(92), it can be estimated that
1101 consumption of half a litre of milk will be equivalent to 11 and
1102 13% of recommended intakes with organic and conventional
1103 milk/dairy products, respectively.

1104Iron. Different from meat, milk is not a major source of Fe in the
1105human diet(101). The slightly higher Fe intake with organic milk
1106is therefore unlikely to have a major nutritional impact.
1107The need to optimise mineral supply in dairy production
1108(especially with respect to Se) should be considered in future
1109revisions of organic farming regulations for mineral supple-
1110mentation of livestock and fortification of processed foods.

1111Strength of evidence and exploration of heterogeneity

1112Risk of bias of individual studies was generally high and not
1113universally mitigated by large effects. Publication bias was also
1114strongly suspected for many outcomes. Overall strength of evi-
1115dence was variable, but was judged as moderate for the primary
1116outcomes (Table 1). Thus, some uncertainty surrounds the con-
1117clusions of this work, largely arising from poor reporting in the
1118primary literature. We also speculate on the widespread problem
1119of selective reporting, although this was not formally evaluated.
1120The finding of significant differences between countries/
1121geographic regions, as well as production systems, is consistent
1122with previous studies that explained similar findings with
1123contrasting dairy management regimens being used for organic
1124and/or conventional systems (e.g. length of outdoor grazing
1125period, dietary regimens and breed choice/selection) between
1126countries/regions(27). Differences in dairy management practices
1127are therefore thought to be a major source of variation. However,
1128meta-regressions are subject to bias and confounding. Here, addi-
1129tional variation was likely because of pooling data across experi-
1130mental approaches (retail surveys, farm surveys and experimental
1131studies) in the meta-analyses, although there were no substantial
1132differences in the results obtained with different experimental
1133approaches. Other confounding factors cannot be discounted.

1134The need to carry out dietary intervention and cohort studies

1135Overall, it can be concluded that a switch from intensive
1136conventional to organic production standards will result in
1137substantive improvements in milk fat composition, especially in the
1138supply of nutritionally desirable VLC n-3 PUFA. Potential impacts of
1139composition differences on human health currently have to be
1140extrapolated from existing information about the effects of
1141compounds such as VLC n-3 PUFA, the n-3:n-6 PUFA ratio, CLA,
1142antioxidants/vitamins and minerals on human health, as there are
1143virtually no studies in which impacts of organic food consumption
1144on animal or human health or health-related biomarkers were
1145assessed. However, the significant differences in nutritionally
1146relevant compounds identified by the meta-analyses reported here
1147demonstrate the need to carry out human dietary intervention and
1148cohort studies designed to quantify the health impact of switching
1149to milk and dairy products from organic or other ‘low-input’
1150grazing-based livestock production systems that deliver similar
1151composition changes.
1152The argument for more rigorous human intervention studies
1153to confirm health benefits is supported by recent human cohort
1154studies, which suggest that a switch to organic milk consump-
1155tion may reduce the risk of hypospadias in boys(86,87) and
1156eczema in children under 2 years of age(85). Clearly, additional
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1157 dietary intervention and cohort studies should be carried out to
1158 identify/quantify other potential human health impacts of
1159 switching to organic milk and dairy product consumption.
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